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FOREWORD 4

This report was prepared by Air Products and Chemicals, Inc. under
USAF Contract No. AF 33(616)-6515. This contract was initiated under
Project No. 7312, "Finishes and Materials Preservation", Task No.
7' 120'.. "Corrosion and Deterioration Control". The work was ad-
ministered under the direction of Air Force Materials Laboratory,
Research and Terhnology Division, with Mr. 0. 0. Srp (MAMP) acting
cs project e,,gineer.

This report covers work conducted from October 15, 1960 to October 15, 1961.

This report has been preceded by two summary technical reports; WADD
"TR 60-436, which described the work done from June 1959 to June 1960 and
WADI) TR 60-819, which described the work done from June 1960 to October
15, 1960. This report concludes work under this contract.
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ABSTRACT

This report covers studies of liquid fluorine and its contaminants, reactions
on metal surfaces, fluoride films, and immersion tests of tensile specimens.
The solubilities of contaminants in liquid fluorine are: 40% CF 4 at -297 F,
4.5% CF 4 at -320 F, > 10% OF 2 , < 0.5% HF, < 0. 1% SiF4 and SF 6 at -320* F.
A method of preparing contaminant free fluorine and its infrared analysis
is discussed.

No liquid phase reaction between fluorine and metals has been observed but
gas phase reaction occurs during warmup. Small weight changes in metal
specimens immersed in liquid fluorine for 15 and 75 minutes were noted.
Increased corrosion of similar specimens in OF 2 -contaminated fluorine is
not conclusive. Exposure of hydrocarbon films on metals to F2 leaves
carbon deposits while exposure to CIF 3 or CIF 3 + F 2 leaves fluorocarbon
films.

No detectable fluoride films formed on aluminum specimens using electron
diffraction techniques. At low temperatures gaseous fluorine formed films
of less than 200 Angstroms on metAl powders with initially rapid film
formation tApering off to a negligible rate after one daty. Metal powders
adsorb gaseous fluorine at -297 F.

Metal tensile specimens exposed to liquid fluorine for one year corroded

< one mil. These specimens had essentially the same tensile properties
as similar ones exposed to liquid nitrogen.
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THE COMPATIBILITY OF VARIOUS METALS

WITH LIQUID FLUORINE

SUMMARY_ TECHNICAL REPORT.

-1. INTRODUCTION

The objective of the experimental work described in this report has been
to broadeni the existing knowledge of liquid fluorine handling. The work done
under this p~roject has resulted in a better understanding of the behavior of
miaterials exposed to liquid and gaseous fluorine from a corrosion viewpoint.
Air Products and Chemicals, Inc. was assigned this p~roject in June 1959 by
Materials Central of the Aeronautical Systenis Division, wider contract
AF 33(616)-6515. This report, covering the period from Octobe-r 15, *960
to November 15, 1961. Was been preceded by two summnary technical reports
covering the periods June 1959 to June 1960 and June 1960 to October 1960.

The work during the first period dealt with the determination of the corrosion
rates of tpical metals during static exposure to liquid fluorine for period

up to two weeks. Metals tested included several aluminum alloys, various
stainless steelst fitanium, magnesiumn, copper, brass, mionel, Aid nickel.
Amorphous and graphitic carbon were- also tested. Specimiens were- testm!1*
in stressed and unstressed conditions. The impact-ignvition ch-arAcetritcs
of titanium and aluminum In liquid fluorine were studied.

Duraing the second pierifid, studies of contaminants Wn liquid fluorile, luorldt.
filin studiesi, nhetal-liquiud fluorine c'orrositmi rate with thue, inetal ignitioni
iW liquid fluorine,, and ouv-y~ur-expsure studies of. it-ni specimens were

D~uring Mhe present. period the abovve **rk hias been continued. The work for.j
this ye-Ar can bi '.Avided isito the following general iare~As:

A. Fluorine Contaminants
B.~ ReActions of Fluorine on MOWa Surfaces n
C. Fluoride Filat Studips
D). Paroperties of Metals After Osw..YeAz E smureto Liquid Fluorilwe

~U script relim"e by the authors Jamuar 3 93fr~bicto sa
A~t) duucl DoumetAry lte~urt.
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II. DISCUSSION OF EXPERIMENTAL WORK

A. FLUORINE CONTAMINANTS

The work involving fluorine contaminants consisted of the following
studies:

1. Identification of contaminants in commercial fluorine cylinder gas.

2. Removal of observed contaminants from commercial fluorine
cylinder gas.

3. Measurement of solubility of possible contaminants in liquid
fluorine.

4. Development of infra-red analytical technique for gaseous fluorine.

Commercial fluorine is produced by the electrolysis of KF * 2HF (10).
In this process, small quantities of contaminants are generated. Hydrogen
fluoride (HF), present in greatest quantity, is removed by condensation
and by passing fluorine gas through sodium fluoride absorption towers;
however, it has been found that trace quantities of hydrogen fluoride

remain in gaseous fluorine even after treatment (10). Other contaminants
produced from moist or impure electrolyte or by reaction of gaseous
fluorine with process equipment, are not removed. For most applications,
the presence of small quantities of contaminant in gaseous fluorine presents

- . no serious problems; however, when fluorine is liquefied for use as an

*, .~oxidizer for missile fuels, the presence of contaminants is highly
undesirable. The experimental work described below was designed to
determine the elfect of insolubility and corrosive action caused by the
presence of fluorine contaminants.

-, " "1. Experimental Apatus

.] A multi-purpose experimental apparatus was designed and built to

be used for identification of contaminants in liquid fluorine, their
removal from liquid fluorine, and for measuring solubilities.

74 ~-2- .
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A schematic diagram of the experimental apparatus is shown in
Figure 1. In order to be able to work with suall quantities of
low pressure fluorine gas, a reservoir was connected to a fluorine
cylinder located behind a steel barricade. The reservoir was filled
to about 60 psig and isolated from the cylinder. The fluorine used
in experiments was metered from the reservoir with a Hoke needle
valve with a metal-to-metal seat. The system for contaminant
studies included a sodium fluoride bed, in which hydrogen fluoride
could be absorbed,and four condensing compartments. Three
condensers were made of monel and the fourth was a stainless
steel receiver for holding processed fluorine. Fluorine could be
transferred from one condenser to any other. A Hoke, 5-12 micron filter
was attached to one condenser, another was equipped with a cooling
coil and the third was a simple cell. The cells were connected into
the system with swedge-type connectors so that they could be easily
removed from the system. When necessary, a glass condensing cell
could be substituted r q monel cell for visual examrination of liquid
fluorine.

A series of manifolds were connected to the system in addition to the
fluorine manifold. It was possible to draw vacuum, purge with nitrogen
or helium, or dispose of the fluorine to a 20 foot deep pit filled with
lime. Four Dewar vessels were arranged so that each condenser
and its related apparatus could be submerged in the liquid nitrogen
or liquid oxygen. (Because the boiling point of fluorine is -306*F at
I atm and about -297°F at 12 psg, the gas could be liquefied in liquid
nitrogen at atmospheric pressure or in liquid oxygen under moderate
pressure.)

All work was carried out within 1/4" thick steel cabinets with valve
stems projecting through the steel, The system could be examinedusing periscope mirrors (13). The cabinets were well ventilated at

all times. All operations were conducted remotely to eliminate
possible hazards of handling fluorine.

t

* 2. Identification of Contaminants

Since it vas to be expected that the quantities and concentrationa of
contaminants in gaseous cylinder fluorine would vary among cylinders,
several were sampled. Each time a different cylinder was placed on
stream, the esitire system was evacuated up to the cylinder to tnsure

"-3-
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that no contaminants could come from the residual gas in the
equipment. The apparatus was then purged with nitrogen or helium
and again evacuated before fluorine was Introduced.

Since the quantity of contaminants in cylinder fluorine Is often small.
it was necessary to concentrate them to obtain sufficient quantities
for good analytical results. Fluorine was condensed in a liquid
oxygen bath at alxut 15 psig. The fluorine was then distilled by
reducing the pressure and collecting it at liquid nitrogen temperatures
in a second condenser. The residue from the distillation was a
collection of contaminants less volatile than fluorine. With the
fluorine gone, the contaminants were isolated, warmed, and
allowed to vaporize. They were then sampled in an infra-red
cell and analyzed.

The results of experiments for identification of contaminants in
cylinder fluorine are presented in Table !. The following contami-
nants have been found: HF, OF 2 , SiF 4 , SF 6 , C0 2 , S0 2 F 2 , and CF 4 .
The presence of COF 2 is questionable, but may be present in
cylinder fluorine and decompose to CO 2 and SiF4 when handled in
the experimental apparatus. Oxygen difluoride, OF 2 , was found in
only one sample, but the presence of this material is not unexpected
as it may be generated in a fluorine cell when fresh electrolyte
is used (10).

3. Purification of Cylinder Fluorine

The most troublesome contaminants in fluorine are expected to be
those which are insoluble in the liquid and which would be present
as solids which could plug transfer lines and valves. It was felt
that filtration of liquefied fluorine would remove these contaminants.
The fluorine could further be purified by distillation.

Filtration of liquid was accomplished by condensing the gas in a
monel cell and forcing it through a Hoke 5-12 micron filter. The
filtered fluorine was analyzed by taking a sample in an IR cell or
by distilling the fluorine as described above and collecting the
contaminants if any were present. In most instances, the fluorine
was passed through a NaF bed to absorb troublesome HF before
filtration.

04-



To obtain fluorine of high purity, an all metal system must be used,
as it is suspected that fluorine reacts with pyrex glass to form SiF 4
if glass is in the system. If all contaminants are not removed by
passing fluorine through the NaF bed and filtering, the gas must be
distilled. The distillate is analyzed by infra-red spectrophotometry.
If contaminants remain, a fresh condenser is evacuated and the
fluorine is again distilled. As long as contaminants appear in the
distillate, another distillation is performed until contaminant-free
fluorine is produced.

The major requirement for producing contaminant-free fluorine is
an absolutely leak tight system. Even the smallest leaks allow
contamination into t he system. With a leak tight system, high
purity fluorin. may be routinely produced by passing the gas through
a sodiurl fluoride scrubber, filtering the liquid, and distilling by a
one-step technique.

Table ! summarizes the run., made to produce contaminant-free
fluorine. Fluor-ie with no identifiable contaminants was produced
only after ali leaks in the experimental apparatus and analytical
equipment were eliminated. it was -erified that passing gaseous
fluorine through NaF does not remove last traces of HF. This may
be because the NaF does not quantitatively remove HF or because
there is imperfect contact of the gas with the NaF pellets in the
absorber. Filtration alune is insuffici'nt to remove all contaminants
because some solid particles are small eniough to pass through the

t filter. However, because of the low volatihty of fluorine contami-

nants, single step distillation may be used lor separating contami-
rnants from fluorine. The distiilation is a simple technique and may
be used for purifying fluorine when higL purity material is reeded.

4. Solubility of Fluorine Contaminants

The method selected to determine the solubility of contaminants in
liquid fluorine was to prepare mixtures of known quantities of con-
taminants in purified gaseous fluorine, condease the gas, and note V

whether solids were present in the liqtlid.

SPure fluorine was prepared as described above. The contaminant
was mixed with the fluorine in the gaseous state. Assuming the ideal
gas laws to hold at low pressures, the volume of a gas is proportional

f.5I
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to its partial pressure in a mixture. Purified fluorine gas was

added to an evacuated cylinder to a predetermined pressure.
Contaminant gas was added to the purified gas to increase the
pressure by a predetermined value. The fraction of contaminant
in the fluorine gas was then the ratio of the partial pressure of conta-
minant to the total pressure.

After the contaminated fluorine was prepared, it was condensed in a
glass cell immersed in liquid nitrogen. The cell was observed through
strategically located periscope mirrors Bo that both the top and sides
of the cell could be examined. If solids appeared in the condensed
fluorine, more contaminant had been mixed than was soluble. A
new mix was prepared with less contaminant,and condensed. The
solubility was determined to be the mix when solids did not appear
in the liquid.

Table II summarizes runs made to determine the solubility of
contaminants in liquid fluorine. At -297* F the solubility of CF 4
in fluorine is greater than 40 Mol%. At -320* F its solubility is
4.5%. At least 10% OF 2 is soluble in liquid fluorine at -320 F.
Less than 0.2% SF 6 and SiF 4 are soluble at -320°F. The solubility
of HF is less than 0. 5%.

The limitation of this method is the accuracy of preparing mixes of
contaminant in gaseous fluorine. The solubilities reported as less
than a certain percentage are the smallest percent mixes that could
be accurately prepared.

5. Infra-Red Ansis

The most important aspect of this work was to develop a rapid ,nd
simple analytical technique for analyzing fluorine. The method
"selected was infra-red spectrophotometry using a Beckman IR-4.
Two types of sample cells were used, one with standard sodium
chloride windows, the other with calcium fluoride windows.

Calcium fluoride windows were required for analysis of fluorine
because they are inert to fluorine gas. The fluorine reacts with
standard NaCI windows as follows:

2NaCI + F2 2NaF e Cl 2

-6-

A;r

1.... *I;,.



This is a quantitative reaction sometimes used in the analysis of
fluorine, in which fluorine is reacted with NaCl and the chlorine gas
is collected and analyzed.

The problem caused by using CaF 2 windows is that the CaF 2 absorbs
light of wave lengths greater than 10 microns. In IR analysis, many
important peaks are in the 10-15 micron range. Fortunately, many
compou,- is associated with fluorine (HF, CF 4 , and C02) do have
absorption peaks below 10 microns from which they can be quanti-
tatively identified (OF 2 , SF 6 , S0 2 F 2 , and SiF 4 are exe.eptions).

Whenever possible, NaCI windows are used. When fluorine is
distilled from contaminants, the contaminants may be collected
in the NaCl cells and the full range of the JR can be utilized.

The most serious problem in the use of IR cells is to get an absolutely
leak tight seal between the windows and the metal cell body. Because
of the corrosive nature of the fluorine, the seal supplied by the manu-
facturer often develops minute leaks. In many analyses, up to 1% HF
was detected in fluorine using the manuftcturers gaskets on the cells.
(The HF comes from the reaction of atmospheric moisture with fluorine).

To improve the seal, various thin metal gaskets were tried, both

amalgamated and unamalgamated, as a substitute for amalgamated
lead, but without success. A considerable improvement in sealing
the IR cells was made by increasing the thickness of the amalgamated
lead gasket several-fold to 0. 020 inches. The use of this gasket
resulted in a seal which did not fail in 20 fillings with fluorine.

When leaks finally developed in the new gasket, it was replaced. A
satisfactory seal was not obtained even after several gasket changes.
It was then found that the seating surface of the IR cell had become
rough. The seat was then carefully lapped smooth with lapping
compound and the gasket was installed. This time the gasket was
found to be leak tight.

Using the above technique the following possible contaminants in
fluorine could be detected: CF 4 . SF 6 , SiF 4 . HF, OF 2 , COF 2 ,

SO2 F2 . C2 F 6 , CO2 . The major IR peaks occurred at the following
wavelengths:

S .•
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Contaminant Major Infra-Red absorption peaks - Microns

HF 2. 45 and 2. 55

SF 6  10.55

SiF 4  9.7

OF 2  11.9, 12.1, and 12.25

SO2 F2  11.4, 11.6, and 11.8

COF 2  8.1 and 8.2

CO 4. 55 and 4.65

CO2  4. 22

CF 4  7.78

C2F6  7.98

IREFACTIONS OF FLUORINE ON METAL SURFACES

A series of experiments were conducted to study reactions of fluorine
on metal surfaces. This work was designed to measure reactions
between liquefied cylinder fluorine and metal specimens and then to
study the effects of contaminants in the liquid or contaminants on the
metal on these reactions. Specifically covered are:

1. Remo•a|l of traces of hydrocarbons from metal surfaces with
gaseous fluorine, CIF 3 , and mixtures of F2 and CIF 3 .

V 2. .$,"ort term immersion tests (15 and 75 minutes) to measure
erosion of metal specimens in liquefied cylinder fluorine.

3. Short term immersion tests (15 and 75 minutes) to study the effect
I1. :of OF 2 in liquefied fluorine on corrosion of metal specimens

immersed in the liquid.

4. Visual observation of the action of liquefied cylinder fluorine on
?mea Isurfaces.

q - 4-



.1 Experimental Apparatus

A series of tests involving the reaction of liquid and gaseous
fluorine on metal surfaces were conducted in an apparatus
especially designed for these tests.

Several small monel cells (Figure 2) were built from 1-1/4 inch
nionel tubing with a 0. 065 inch wall. A bottom blind flange was
made of 1/4" monel sheet and drilled in the center for 1/4" tubing.
A pair of matching flanges were made for the top of the cell and
held together with eight stainless steel nuts and bolts. A rupture
disc made of 0. 005" copper sheet was bolted between the top
flanges. The cell was drilled 1/4" from the top for 1/4" tubing.
The top and bottom flanges and the tubing were all welded to the
cell. The bottom-entering tube was used for introducing fluorine
into the cell and the top tube was used as an outlet.

A series of these cells were set on a manifold so that fluorine
could be introduced or removed, vacuum could be drawn, or
nitrogen introduced for purging. Each cell was placed in a
Dewar vessel which could be remotely filled with liquid nitrogen.
All control was accomplished by valves with stems projecting
through A 1/4' steel barricade.

Each cell could be divided into four compartments with a loose
fitting cross-shaped insert. This enabled four small metal
specimens to be simultaneously exposed and held erect in the
cell.

Several cells could be used together for exposure testsor run
separately.

2. Renoval of Traces of Hydrocarbons from Metal Surfaces
The pu rpose of these studies was to determine the efficiency of

remonAl of liquid films of hexadecane from, metal surfaces by
exposing them to gaseoms fluorine, chlorine trifluoride, or a
mixture of both. It was expected that the hexadecane would be
econverted into CF 4 and HF, with the result that the metal would
be cleaned and become protected by the formation of a fluoride
film.

-9-
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A series of small metal dishes 1" in diameter were made of brass,
copper, aluminum, titanium, nickel, and monel in thicknesses of
0. 001", 0.005", 0. 010", and 0. 062" and 0. 125". Solutions of
hexadecane in trichloroethylene were prepared in varying
concentrations. Hexadecane wvas deposited on the metal surface
by metering a small quantity of solution onto the dish and evaporating
the trichloroethylene in a vacuum oven at 800 F. Oil films weighing
from I to 60 milligrams and varying in thickness from 0. 001 to
0. 006 inches were deposited. The weight of oil deposited was
determined by weighing the clean and dry dishes before and after
deposition of the film.

The dishes were placed in the small monel cells described above,
which were sealed and thoroughly evacuated. Fluorine, chlorine
trifluoride, or mixtures of both were then ittroduced into the cell
at pressures ranging from I to 5 atmospheres.

The extent of reaction of the hexadecane film with the gas was noted
by pressure surges as the gas was added to the test cell. After a
reasonable hold timethe gas was evacuated and the dish was weighed
and inspected. In some instancesthe dish was washed with known
voluntesof carbon tetrachloride, and the resulting solution was
analyzed by infra-red techniques.

In general, removal of hexadecane films from metal surfaces was
unsuccessful. Instead of the film being removed, most samples
actually gained weight. Often a deposit of finely divided carbon
was left on the surfaces when gaseous fluorine was exposed to
the oil. Reaction was closest to completion at the high pressures
when the thinnest metal dishes were used. The thin coupon would
absorb the least amount of heat from the reaction of the gaseous
fluorint with the hexadecane and the high pressure would favor a
faster reaction.

SWhen Cl? 3 or mixtures of CIF 3 and F2 were used, an oily deposit
was observed on the metal dish. Infra-red analysis of this oil
indicated its structure to be identical to Hooker Fluorolube oil
MO-10. It was felt that the CIF3 reacted with the hydrogen in the
hydrocarbon to replace it with fluorine or chlorine, leaving the
carbon skeleton intact. With fluorine gas, a waxy solid was

"A -10.



sometimes observed. On the thinner metal dishes, more reaction
took place, with the degradation of the hydrocarbon to carbon, and
with attack of the metal with the formation of metal fluorides. The
infra-red analyses of the oily residues from these runs revealed
that no hydrogen to carbon bonds remained.

The data are shown in Table MI.

3. Short Term Immersion Tests

Previous results (13) from two-week and one-day immersion
tests showed that weight changes of metals exposed to liquid
fluorine are independent of immersion time. It was necessary
to define a representative short exposure period during which the
weight changes noted for metal specimens was the same as for
longer periods. Experiments with titanium and magnesium (14)
exposed to liquid fluorine for 15 minutes showed that titanium had
a similar weight change in 15 minutes as in two weeks, while
magnesium exhibited a varying weight change for the shorter exposure
period. The current investigation was made to determine the behavior
of aluminum, stainless steel, copper, and brass for the very short
exposures.

Small metal strips of test materials were cut, polished, cleaned,
dried, and weighed. The four compartment monel cell described
above was passivated with gaseous fluorine. The test coupons were
placed in the test cell which was then evacuated. Cylinder fluorine
was tondensed in the cells until the specimens were submerged in
liquid. The specimens were exposed for either 15 or 75 minutes
and the fluorine was evacuated. After purging the cell with dry
nitrogen, the specimens were again weighed.

It w-as expected that the weight changes for exposure times of 15
minutes would be identical to weight changes for tests lasting i
75 minutes, one day or two weeks. However, exmination of
results (Table IV) shows that many of the metals tested exhibited
negative weight changes for the 15 minute exposure w•hle the weight
changes for 75 minute exposure were mostly positive and were
similar to those reported for the one-day and two-week tests.

-I1-
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It must be noted that all weight changes are extremely small, the
largest being 0. 8 ing. Although the accuracy of an analytical
balance is 1 0. 1 mag, the 'before" and "after" weighing had to
be done on different clays and this affected the accuracy of the
weights. Also, most fluorides react with atmospheric humidity,
and since the samples had to be exposed to the atmosphere for
weighings, this may have affected the weights. This is the probable
explanation for the small variations in weight changes for samples
of the same material.

Jf

4. Effect of OF? in Liquid Fluorine on Corrosion

It was felt that certain contaminants in liquid fluorine could affect
the corrosion rate of the liquid. The most reactive contaminant
in liquid fluorine is oxygen difluoride, OF 2 . It is miscible in
liquid fluorine to the extent that at least 10% OF 2 in liquid fluorine
forms a single phase at -320' F.

The tests to determine the effect of OF 2 were short term immersion
tests identical to those just described, except that for the exposure
tests purified fluorine contaminated with OF 2 was used instead of
cylinder fluorine. The contaminated fluorine was prepared by
adding OF 2 to purified fluorine in the gas phase as described
previously by adjusting pairtial pressures of the two gases. Metals
exlpsed to 1T OF2 in fluorine included aluminum alloys, brass,
copper, several typos of stainless steel, tunnel, and nickel.
Metals exposed to 10% OF 2 in liquid fluorine included brass.
copper, type 304 stainless steel, and aluminum 6061.

Results of short term immersion tests for metals exposed to
fluorine contaminated with P1 OF are shown in Table V . The
main dfferences between the results for samples imm•ersed in
liquefied cylinder fluorine and those in liquid fluorine contaminated j
with 1 OF2 was that the weight changes of the sam1ples were mostly
negl•ative for the samples in tile coutaminated fluorine both for the
15 and 75 minute enp)osure.

SCareful comparison of data for short term exposure of metal
specimets to With cylinder fluorine and fluorine contaminated
with OF 2 indicates that weight changes for speciniens exposed to
fluorine contaminated with OF2 are somewhat greater than weightSh € s for specimens expozz to cylinder fluorine. In miost cases.
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all weight changes border on the accuracy of weighings, but a
definite trend is apparent. These weight changes represent
corrosions of less than 0. 1 mil of metal involved in the reaction.
In some vases there are weight losses for immersion in cylinder
fluorine and weight gains for immersion in OF 2 -contamimted
fluorine. For aluminum 2017 the reverse was true. In all
cases, when specimens were immersed in fluorine contaminated
with 10% OF 2 , -weight changes were positive. For copper and
brass, these changes were much larger than for exposure to
cylinder fluorine or fluorine contaminated with 1% OF2.

5. Visual Observation of Action of Liquid Fluorine on Metals

As a continuation of work previously reported (14), samples of
Aluminum 2017, Titanium A IIOAT, and yellow brass were
placed ii pyrex glass cells and immersed in liquid fluorine.
Results from these tests were similar to earlier results. As
long as the samples remained in the liquid fluorine, the surface
appearance %%as bright and lusterous, indicating that little or
no corrosion takes place in liquid fluorine. However, when
the fluorine was being removed from the samples by evaporation,
films could be seen forming when the evaporation was almost
complete, and these reactions were always observed in the pas
phrase. White solids were present in liquid fluorine in all tests,
but they did not appear to affect the corrosion behavior of the

* fluorine. The possibility exists that the solids deposit on the
surface of the metal samples during evaportion and are somehow
involved in the observed film fornation.

-13-
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C. FLUORIDE FILM STUDIES

The general non-reactivity of metals with liquid fluorine has been
attributed to the formation of a protective metal fluoride film (4,9, 11).
The protective film is the important factor inhibiting corrosion at high
temperatures (3,6, 7), but its necessity at low temperatures, expecially
at liquid fluorine temperatures, has not been demonstrated. Numerous
tests have indicated that a protective film plays little or no part in the
corrosion resistance of metals to liquid fluorine. It has been shown,
experimentally, that film formation by gas exposure (passivation) prior
to liquid exposure is not a requisite for liquid fluorine systems. Wire
brushing of sample surfaces under liquid fluorine, tensile tear of specimens
in liquid fluorine, and flexing and bending of metals in liquid fluorine all
failed to produce any accelerated corrosion (13, 14).

The current experimental work was designed to approach the study of
protective films from an analytical point of view. One approach was
to detect the composition and thickness of fluoride films on corrosion
samples by electron diffraction techniques. The second approach was
the measurement of the gas-solid reaction between fluorine and metal
powders to determine directly the quantity of fluorine tied up with a
metal as a result of the passivation reaction.

1. Electron Diffraction Studies

A total of 36 samples of titanium and aluminum were exposed to
fluorine under the following conditions: one hour gas exposure at
ambient temperature and 1/2 atmospheric pressure; one hour gas
exposure followed by six hour liquid fluorine exposure; six hours
exposure to liquid without gab exposure. Twelve samples represen-
tative of each of the three treatments were prepared.

The surfaces of the samples were analyzed by electron diffraction
using the reflection technique(l). From the "d" line spacings it was
expected that both the composition and thickness of films would be
obtained.
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The first 18 samples were used to determine the optimum method
of surface preparation prior to exposure. It was found that the
surfaces of these samples were too smooth and that the formation
of a characteristic pattern depends on a surface full of tiny ridges
and valleys.

The second group consisted of aluminum metal strips polished with
metallurgical paper by the proper technique, cleaned, dried, and
stored in a desiccator prior to study. A portion of the samples were
exposed to gaseous fluorine at room temperature, others were
immersed only in liquid fluorine, while one was left in a desiccator
as a blank and was not exposed to gaseous or liquid fluorine.

Results indicated that in all cases only diffraction patterns of
A12 0 3 • H20 could be observed. No aluminum fluoride could
be detected. It is possible that fluoride film whiskers could st
on metal but could be obscured by uniform oxide film over :' , whole
metal surface.

Because of these inconclusive results, work was concentrated on
the reaction of gaseous fluorine with metal powders.

2, Reaction of Gaseous Fluorine with Metal Powders

As a means of better understanding the reaction which takes place
during the gas-phase inssivatioo of metal surfaces, the reaction
of g.ascos fluorine with finely divided metals was studied. Experi-
Ments -were designed to measure film thicknesses as s6fiall as-
I Angstrom and to. follow film thickness formation as a function of
tUne of exposure. The tests could be conducted 4t various
temperatures and pressures with a variety of powders.

a.l ExeitalAp tus

The experimental apparatus used for studying the reaction of
metal powders with pseous fluorine is shown In Figure 4.
The Important portion of the apparatus consisted of two volumes Li
separated by a valve. The firs volume was small compared
to the second and consisted of copper tubing to which a pressure
gauge was connected. The second volume included a copper -*

coil and a monel sample holder. The first volume was mani-
folded to a line through which pseous fluorine could be

-.A
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introduced or removed. Included were provisions for a
nitrogen purge and for evacuating the system. A 0-760 mm Hg
absolute pressure gauge and a mercury manometer for cali-
brating the gauge were attached to the second volume. It was
possible to isolate the gauge and/or the manometer from the
system with valves.

For runs made above ambient temperatures, the system was
immersed in a constant temperature bath equipped with a heater,
temperature controller, and air agitator. Water was continually
dripped into the bath and allowed to overflow so that the volume of
the bath would not decrease by evaporation. A mercury-in-glass
thermometer was used to measure the bath temperature.

For runs made below ambient temperature, the experimental
apparatus was compacted to fit into a Dewar vessel. The coolant
was either a dry ice-trichloroethylene mixture or liquid oxygen.
Temperature was measured with a thermocouple. Temperature
control was not necessary in this case,as the temperature of
these two coolants is constant as long as there is sufficient
dry ice or liquid oxygen in the Dewar.

b. Procedure

The system was designed so that the first volume could be
brought to 50 psig pressure. When the valve separating the
volumes was opened and the pressures were equalized, the
pressure was slightly below 1 atmosphere absolute. The
pressure in the system could be read to t 1 mm Hg. When
fluorine was used and a metal powder was present in the
sample holder, reaction occurred,and the fluorine reacted
with the powder to form a metal fluoride thus reducing the
system pressure. The pressure reduction was converted
to a fluoride film thickness by appropriate calculations.

The step by step procedure followed was as follows:

(1) The system was checked for leaks by pressurizing with
nitrogen and soap checking all connections.

(2) The apparatusless the metal powder sample, was passi-
vated by filling with gaseous fluorine which was allowed to
remain overnight.
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(3) The system was evacuated and purged with dry nitrogen
to remove last traces of fluorine.

(4) The, sample holder was weighed, the met".l powder added,
and again weighed. It was then placed in the system, sealed,
and leak checked by pressurizing with dry nitrogen.

(5) Vacuum was drawn on the system,and the sample holder
was heated to about 450' F to drive off moisture.

(6) The system was placed in the constant temperature bath
and "standardized". The standardization procedure
involved running a blank test using nitrogen instead of
fluorine. Nitrogen was introduced into the first volume
to 50 psig and isolated from the manifold by closing a
valve. The valve to the second volume was opened and
the equalized pressure noted. This pressure was an
indication of the "zero time" pressure to be expected in
the system when fluorine was used. Knowing the liquid
volume of the system, the weight (or moles) of gas in the
system could be calculated. (The exact volume of gas is
the liquid volume of the system less the volume of the
powder in the sample holder.)

(7) The system was again evacuated.

(8) Fluorine was added to the system (same conditions as in
step (6).

(9) Pressure readings were taken,and changes in system pressure
with passage of time were noted.

(10) At the end of a run, the system was evacuatedand another
'hitrogen standard" was taken.

(11) The system was evacuated, and a "fluorine standard" was
taken. If the system pressure remained constant, the
equalized pressure was taken as the "zero time" pressure
used in calculating film thicknesses, If pressure dropped,
fluorine was allowed to remain in the system until no
further pressure change could be notedand the fluorine
standardization was repeated.
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(12) The system was evacuated and purged with nitrogen.

(13) The powder was removed and examined.

(14) The equipment was cleaned by dipping in dilute HC1,
wai.hing with water, and drying.

When runs were made at -297°F, slight modifications in
procedure were necessary. The vapor pressure of fluorine
at -297'F is approximately 12 psig,and when fluorine is
introduced into the first volume of the apparatus at 50 psig,
the fluorine condenses, and the quantity of material introduced
cannot be calculated from the ideal gas laws. It was, therefore,
necessary to introduce the initial fluorine charge into the liquid
oxygen bath, allow 30 minutes for cooldown, and then open the
valve between the volumes to equalize the pressure, whichdropped to
about 1/2 an atmosphere.

The quantity of fluorine consumed in the reactions can be
calculated from the ideal gas law:

PV (1)
n - .... g-inorel )

RT

If the initial quantity of fluorine in the system is known,as well
as the final quantity, the fluorine reacted is:

PI V1  P2 V2
NF -NI N2 - RTT (2)

ii2

At low pressures, it Piay be assumed that Z I Z - I. The
system is held at constant temperature, so T 1 -T2 . Assuming
that when fluorine reacts with a metal powder, the volume of
tfNe powder and the system do not increase; VI = V2 . The
fluorine iE arther assumed to combine with the powder with
the only result being a decrease in the system pressure, which

Si is used to measure the quantity of fluorine reacted:

SVT (P 1  P 12)S~NF .... (3)
SF R T

.•. -18-
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The weight of fluorine reacted is: WF = NF moles x 38 gm/mol

WF = 38 VT (P1- P2) (4)
RT

where: NF = gm-moles fluorine reacted

R = Universal gas constant

T = Absolute temperature

P = Pressure

V = Volume

WF = Weight fluorine reacted

38 = Molecular weight of fluorine

At standard conditions, 38.0 grams of gaseous fluorine occupy
22, 400 cc at 760 mm Hg absolute and 49 2 R so that:

R = (22,400) (760) (5)
(492)

Substituting in Equation (4)

WF = (492) (38) (VT) (PI - = 1.1 x 103 VT IP gm
(22, 400) (760) T T

(6)

where: VT = Void volume of the system (water volume less
the volume of the powder)

,& = Pressure reduction in the system caused by
reaction; P 1 - P 2.
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The film thickness in Angstroms may now be directly
calculated:

MMF 08
MF cm10 (WF) (MMF) (WF) (108) Angstroms

A • (MF) (a)(ws) (W )
(7)

where: d Film thickness in Angstroms

MMF Molecular weight of metal fluoride formed by
react ion.

MF Molecular weight of fluorine = 38 gmi/gm-mol

A Total area of the powder being tested in square

meters = a W.

a Specific surface area square meters/gin

Ws =Weight of the powder sample - gins

Density of tie metal fluoride gm/cc

The specific surface areas of the Ipowders tested were determined
by the B. E. T. method ( 2 ). The areas were very small and
problems associated with the technique are discussed later.

Using monel IAw~der as an exliniple and substituting the following
values directly into Equation (7).

I . a • 0. 0165 Mgin
NM (monel fluoride. 70%) NIF 2 . 3W CuF 2 )

* ~98. 1 gan/gi-nioi (calculatmd)

.~B 9-878 gan/cc

-20-
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d monel (98. 1) (108) (WF)

"(0. 0165) (38. 0) (8.78) (104 c 2 )-a- (Ws)

• WF
9. 4 x 104 i - Angstroms (8)

Ws

Combininii Equation (8) with Equation (6):

d monel = (9.4 x 104) (1.1 x 10-3) T Ws P 103 TA-w

T WS T WS

(9)

Knowing VT, T, and Ws, the film thickness may be
calculated at any time during the reaction by noting the
system pressure.

The sensitivity of any measurement depends on how well pressure
is measured. The pressure gauge used was readable to I 1 mm Hg
and presented the limitation of measurement. Using 100 gins of
,ionel as an example at a system of +860 F~with a system void
volume of 130 cc, the sensitivity of measurement is:

S~(103) (130) (2)
d ( ( - 0. 49 Angstroms (10)

(546) (100)

The system is more sensitive at higher temperatures

at * 183" F. the sensitivity is 0. 42

at - 113* F, the sensitivity is 0. 77 X
at -297" F. the sensitivity is 1.97 X

a , Based on the abtove sensitivities and other possible sources of
jexl rimental error, a run was considered reproducible if

results agrevd to within 1 Angstrom.
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Several preparatory experiments were necessary to determine a
convenient sample size and system volumes for these runs. Coils
were introduced into the system to give appropriate volumes in
the two parts of the system.

The accuracy of results depended on how well all of the terms in
Equations (6), (7), and (8) could be measured. Molecular weights
and densities could be gotten from standard handbooks and by
appropriate calculations. Pressure, temperature, volume, and
sample weights are measured by routine techniques. Measurement
of surface area of powders was a more difficult problem.

The areas of the powders were measured by a standard technique
called the B. E. T. method ( 2 ). It relies on the adsorption of
molecular layers of gas on the powder surface. From the
quantity of gas adsorbed and molecular thickness of the gas on
the surface, the area of a sample can be calculated. The
-ccuracy of results is improved as the surface area of the
sample is increased. The lower limit of the method is accepted
to be 1.0 M2 /gm. The areas of the samples used proved to be
considerably smaller,and this makes the absolute values of the
results subject to question.

It was desirable to check whether system pressure or sample
size affected the results. All runs were made below 1 atm abs.,
so that should leaks develop, they would be into the system,
rather than out. It was not known whether the fact that the
pressure in the system was constantly decreasing during a

* run would affect the rate of film formation. To check this.
several runs were made with monel px)wder at +860F at
system pressures ranging from 202 mm Hg abs to 541 mm
lig abs. Similarly. runs were made with samples of monel
ranging from 54.2 gm to 137.0 gmis to see if sample size
affected results.

c. Results

Fifty-one runs were made to determine the fluoride film thick-
nesses tm 10 metal powters at four temperatures. Metals

studied included: aluminum. brass, copper, monel, nickel,
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types 304, 316, 347, 310 stainless steels, and titanium. The
temperatures investigated were +1830 F (below boiling water),
#86* F (above ambient), -113°F (dry ice in trichloroethylene),
and -297°F (liquid oxygen). Fill thicknesses were snwl and
were in all cases less than 200 A. Table VIII summarizes
results of all runs made. Figures 6 through ID compare film
thicknesses on 10 metals at each of the temperatures. Figures
II through 15 compare the films formed on each powder at
different temperatures.

Results with monel powders indicated that the film thickness
formed in one hour was approximately the same regardless
of the temperature of the run. At initial system pressures of
541 mm Hg abs and 312 mm Hg abs, results were identical
(Figure 1 ). At 202 mm Hg abs there was less reaction
between the monel and gaseous fluorine than at higher
pressures. Using samples weighing 81.25 gm to 137.0 gin,
results were comparable, but with a 54.2 gm sample, the
film formed appeared greater than for larger samples.

Tables IX and X summarize the films formed on the 10 metal
powders in one hour, 2. 5 hours, and at the end of the run for
various temperatures.

D. EXTENDED IMMERSION OF TENSILE SPECIMENS IN LIQUID FLUORINE

Numerous tests have been conducted to determine the corrosion rate of
metals in liquid fluorine and results indicated that the corrosion rate was
extremely small. The next step was to determine the effect of liquid
fluorine on the mechanical properties f intetals. The experiments in
this section were designed to compare the changes in mechanical pro-
perties of metals immersed in liquid fluorine for one year to similar
specimens immersed in liquid nitrogen for the same period by tensile
testing small samples after exposure.

I. Experimnental Ajqaratus

AAn ap•aratus was designed to bold 60 tensile specimens under liquid
fluorine for one year in a leak-tight system. The liquid flui,'ine
container was made from 2-4*" nominal diameter Schedule, 40) mra inle"a
steel pipe catis and a short length (f pipe (Figure 19) weldthd together.
A nozzle of I* stainless steel pipe was welded to the top of the
sample container. Two 1/4" tonel valves with metal-to-metal
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seals were "teed" together and connected to the nozzle with 1/4"
staNin less rutLini welded to the side. These values isolated the con-
tainer from a series of manifolds (Figure 20) which could be used
for introducing fluorine, removing fluorine, introducing nitrogen
or helium, or evacuating the container. The system was protected
by a 400 psig copper rupture disc in the nozzle of the container in
a line which exhausted to a 20 foot deep lime pit used for fluorine
disposal.

Special tensile specimens were machined from 1/4" rod to fit into
the fluorine container (Figure 21). A special rack was made to
hiold the specimens upright in the container (Figure 22). The
holes in the rack were drilled so that the liquid fluorine could
"easily flow between the rack, container, and specimens. Each
hole was numerically coded with hole no. 1 identified by a punch
mark so that the specimens could be identified by their position
in the rack.

In order that a large number of specimens could be tested in one
relatively small apparatus requiring a nominal quantity of liquid
fluorine, the specimens had to be made smaller than standard
specimens. Special adapters made from 3/4" bolts were made
to allow the special specimens to fit into a standard tensile test
machine. Each specimen was necked down by 0. 001 inch in the
center so that it would break at this point (Figure 21).

The liquid fluorine container was placed in a large flanged Dewar
* vessel. The nozzle of the container was welded to the cover flange

of the Dewar to hold it upright and centered in the Dewar. The
Dewar was placed in a large box insulated with glass wool and
located behind an oak barricade. The liquid level in the Dewar
was measured and controlled by a differential pressure controller
which opened a solenoid valve to introduce liquid nitrogen when
the level dropped lxelow the top of the specimens in the container.
With liquid flumrine in the container and liquid nitrogen in the Dewar,
tie pressure in the container was the vapor pressure of liquid fluorine
at -320TF.
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During the test period, 60 tensile test specimens consisting of
5 samples of 12 metals were kept immersed in liquid fluorine in
the container, and 60 were kept in liquid nitrogen in the Dewar.
Tile twelvte metals studied included: 304 and 410 annealed stainless
steels, hi-strength steel-Armco Ph 15-7 Mo annealed, hard electrolytic
copper, types 1100-1114 and 6061-T6 aluminum, nickel, monel,
types A 110 AT and C 120 AV annealed titanium, and type AZ-31 and
HK.31 magnesium.

2. Expperimental Procedure

All components in the system, including the tensile specimens,
were thoroughly degreased, cleaned, and dried. All but the specimens
were passivated in gaseous fluorine before being exposed to liquid
fluorine. The samples were carefully weighed and placed in assigned
spaces in the specimen rack. They were finally placed in the
(container and tile cap w.:s welded to the vessel. The system and
piping were assembled in place and all joints were leak tested.
When no leaks could be detected, the Dewar cover flange was
bx)lted down and the Dewar was insulated. From this point on,
all operations took place from behind the barricade using "peep
holes" and long stemi valves for observation and control.

* Tile entire system was thoroughly purged with dry nitrogen and
finally evacuated. On August 29, 1960, the Dew-ar was filled with
liquid nitrogen and five pounds of fluorine were slowly condensed
in to the fluorine container. The fluorine cylinder from which
the fluorine was taken was weighed before and after filling the
container to determine the weight of fluorine added.

The liquid nitrogen level in the Dewar was checked daily and addi-
tional liquid was added to keep the Dewar full. A complete daily
record was kept of the liquid level in tile Dewar and tile pressure
in the fluorine container to as6ure that the rupture disc remained
intact and that the system had not developed leaks. Tile one year
test Iriid passed without incident and with a mnliimunm amount of
attention.

On August 29. 1961, the anniversary of the initiation of the test.
the liquid level in the nitrogen lkwar was allowed to drop. Dry
nitrogen was blown through the liquid to hastenl eAxporatioli. Asthe liquid level droppt-d, the fluorine container be&ian to wartt and
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the pressure slowly increased. When the pressure in the container
reached 7 psig. the discharge valve to the lime pit was cracked
open. A careful record was kept of the exact position of the
discharge valve to maintain 7 psig in the fluorine container during
the time of disposal.

After about 24 hours, the pressure in the container could no longer
be held at 7 psig and the fluorine was assumed to have vaporized.
The container was purged 5 times with dry nitrogen by pressurizing
to 15 psig and bleeding off the pressure. Finally, vacuum was
drawn on the system.

At this point, the ruptur,' disc on the container failed. Water which
had accumulated in tL, lime disposal pit after a rainfall was drawn
into the container by the vacuum pump. As soon as this happened,
the vacuum pump was turned off, the fluorine container was
removed from the system, the container was opened, the samples
were remuved, dried, and weighed.

With the fluorine container removed from the system, a nitrogen
line was tied to the valve through which the fluorine had been bled
from the system. The valve was then calibrated by measuring
the flow of dry gap;eous nitrogen through the valve at different
positions. The nitrogen calibration was used to calculate the
total volume of fluorine that had been bled from the system.
As well as could be determined by this measuring technique,
sufficient fluorine was present in the system at the conclusion
of the rwi to have immersed the specimens.

3. Results

The tensile specimens which were immersed in liquid fluorine were
weighed in the "as-is" condition and again after thorough clenming.
These data are shown in Table XIQ for each specimen and summarized

* (by average) in Table Xil.

In all cases, the corrosion rate was less than I mil in one year
(based on weight difference after cleaning). Foreign, hairlike
growths were found on some specimens, probably caused by
electrolytic action and these were cleaned from the specimens
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with a toothbrush and soapy water before final weighing. The
corrosion rates reported are only approximate as cleaning of the
specimeen threads was difficult and traces of matter may have
remained in some cases. Magnesium AZ-31 corroded most.
The corrosion was less than 0.01 mils in 9ne year for 304
stainless stei, Armco PH 15-7 Mo, nickel, monel, and copper.
These data indicate that there is negligible corrosion for the
12 metals tested in liquid fluorine.

The 120 tensile specimens were tested on a standard tensile test
machine with a Tinius Olson Stress Strain Recorder by Lehigh
University (Fritz Laboratory). There were no significant
differences in mechanical properties between samples immersed
in liquid nitrogen and liquid fluorine. Long term exposure to
cold temperature (- 3 2 0' F) appeared to improve tensile properties
over the handbook values. The data showing tensile properties
of each of 120 specimens as submitted by Lehigh University are
presented in Table XIV. Results are summarized (by average)
in Table X V.
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I1. DISCUSSION OF RESULTS

A. FLUORINE CONTAMINANTS

The contaminants present in fluorine include gaseous products generated
in the electrolytic manufacture of fluorine and those resulting from the
reaction of fluorine with various equipment and system contaminants.
HF and OF 2 are produced from moisture, SiF 4 from glass, SF 6 and
S0 2 F 2 from impure hydrogen fluoride, CO 2 and COF 2 from impure
electrolyte, and CF 4 from carbon electrodes. SiF 4 may have been
generated in a glass collecting apparatus and when a monel cell was
substituted for glass, the SiF 4 content of fluorine analyzed decreased
sharply.

After some difficulty in eliminating leaks from the purification system
and analytical apparatus, contaminant-free fluorine was prepared. It
is now felt that on a large scale, hyper-pure fluorine may be routinely
prepared. Gaseous fluorine should be passed through a sodium fluoride
scrubber, condensed at liquid nitrogen temperatures, filtered, and
collected. The distillation of the fluorine is necessary to remove
soluble contaminants and non-acondensables including nitrogen and
oxygen if these are objectionable. It is of primary importance that
the purification system be leak-free.

It is more practical to produce pure fluorine than to purify contaminated
fluorine. This may be accomplished by using pure, dry electrolyte in
the fluorine cell, adding pure HF to the electrolyte when make-up is
required, and keeping the fluorine handling system clean.

Most contaminants are insoluble in liquid fluorine except for OF 2 and
CF 4 . Carbon tetrafluoride is an inert material but OF 2 is fairly
corrosive and is a potential oxidizer. At the time of these tests,
OF 2 was not commercially available so the material was prepared in
the test units by the method of Lebeau and Damiens (7) and elaborated
on by Ruff and Menzel (8). The material was of high purity but the e~x-ct
analysis was not determined because a sample with known composition
was not available for comparison. The material must be handled care-
fully, especially as a gas at high pressure (200 psi).
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The solubility of HF in liquid fluorine was measured to be less than
0. 5% by gas blending and condensation. However, it has been found
that less than 0. 2% HF in fluorine will precipitate from the liquid.
In all probability, the solubility is much lower. Traces are found in
almost all fluorine. It forms when traces of moisture contact gaseous
fluorine. It is not corrosive in liquid fluorine or at temperatures where
it is a solid (freezing point = -I 18*F), but in the liquid or gaseous state
it causes severe corrosion. Most of the corrosive action of fluorine
may be attributed to the presence of HF in gaseous fluorine, to moist
surfaces contacted by gaseous fluorine, or gaseous fluorine allowed to
contact atmospheric moisture.

B. REACTIONS WITH FLUORINE ON METAL SURFACES

Visual observation of metals in liquid fluorine indicated that the fluorine
does not attack metal surfaces. The presence of solid contaminants also
does not cause corrosion. However, when the fluorine is vaporized and
the samples warm, the solids migrate to the metal surfaces and cling
much as a ring forms around a bathtub. Once on the surface and warmed
so that they vaporize, they seem to react with the metal to form a film.
Corrosive materials, such as HF, would be most harmful. These
observations show that metals do not react with liquid fluorine, even
if contaminants are present, and explain why the corrosion rate of
metals in liquid fluorine is extremely low, even after prolonged
exposure. However, if a metal is subjected to cycles of liquid and
gaseous fluorine, the gas phase corrosion could become a problem
if contaminant-free fluorine is not used.

The removal of oily films from metal surfaces by exposing them to
gaseous fluorine or C 1 F 3 is not a satisfactory means of passivating
a dirty surface prior to exposing it to liquid fluorine. Reaction between
the gas and oil is incomplete and traces of carbon or fluorinated oil
remain. These may be relatively inert to gaseous fluorine but could
react explosively with the liquid (13).

Short term immersion tests of metal samples in liquid fluorine indicate
that, in most cases, the metals tested exhibited negative weight changes
for very short immersion times, while for the longer periods of exposure
weight changes were positive. A possible explanation for the weight loss
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is the initial formation of a fluoride film accompanied by dissolution
of this film in the liquid fluorine. Electrical conductivity measurements
of liquid fluorine saturated with various fluoride salts showed a very low
conductivity (13 & 14) indicating that either the fluorine solutions of
fluoride salts are non-ionic, or, if solutions are partially or totally
ionic, the number of ions present is small. If non-ionic solutions are
formed, solubility will be expected to be low, as illustrated by Hildebrand's
solution equation:

In a = (11)

where:

a = mole fraction of salt in a saturated solution

Hf = heat of fusion of the salt

R = universal gas constant

Tm = melting point of the salt (abs units)

T = system temperature (abs units)

Typical values for these variables are:

Hf = 2000 cal/gm mol

R = 2cal/gmmol degK

Tm = 1300°K

T = 78"K

substituting in Equation (11)

2000 Ilna = - 1300 " . -12.0641

a = 5.78 x 10-6 mole fraction of salt in a
saturated liquid fluorine solution.
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The dissolution o1 a surface film of metal fluoride would be halted In
a short period of time due to saturation of the liquid fluorine. This
would account for the negative weight changes observed for very short
exposure times. When the fluorine became saturated, the protective
film could grow to some limiting thickness which would account for
positive weight changes observed for longer exposure times. The above
calculated value of "a" may be compared to the experimental value by
considering the case of a typical metal exposed to liquid fluorine for I
15 minutes. A typical weight loss for a sample is -0. 1 mg or I x 10" gin.
The volume of liquid condensed in the cell is about 33 cc. The density of
liquid fluorine is 1. 5 gm/cc, so the weight of condensed fluorine is roughly
50 gin corresponding to 1. 3 gm-moles. The number of gm-moles of metal
dissolved is 2 x 10-6. The mole fraction dissolved is 2 x 10-6/1.3 =
1. 5 x 10-6, which is the same order of magnitude as the above calculated
value. Based on the limited accuracy of these sample calculations, it can
be seen that trace quantities of metal fluoride may have dissolved in the
liquid fluorine. However, the weight changes involved in these experiments
are so small that it is difficult to determine whether the changes were
caused by corrosion or by inaccuracies in weighing.

The increase in weight changes for metal samples exposed to OF 2 over the
weight change for similar specimens exposed to cylinder fluorine suggests
that OF 2 in liquid fluorine accelerates corrosion. This increase is very
small and may have been caused by inaccuracy in weighing or other
uncontrolled conditions rather than by corrosion. It is evident that short
term immersion of specimens in fluorine contaminated with up to 10% of
OF2 will not present a serious corrosion problem. However, until
exposure tests of longer duration are run to verify this observation, it
is advisable to avoid the use of OF 2 -contaminated fluorine.

C. FLUORIDE FILM STUDIES

1. Electron Diffraction Studies

The reason that electron diffraction techniques could not be used to
measure flupride film thicknessa.s ii that the limit of this technique
is about 30 X. Fluoride films on aluminum are usually much smaller.
The fact that an oxide film was observed instead of fluoride film
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indicates that the "protective fluoride film" formed on metal surfaces,
protects the metal from further attack by fluorine, but does not protect
the surface from other agents. Metal fluorides tend to hydrolyze and
absorb moisture. This action often converts the film to an oxide and
liberates HF. The film is so thin that little water need be contacted
with it to destroy it. Atmospheric humidity usually is adequate to do
the damage as was demonstrated in tests with metal powders (discussed
later) and the time of contact required is small. It becomes a necessity
to measure fluoride films without allowing the atmosphere to contact
the film which almost necessitates making measurements in situ in
the apparatus where the film is formed. The problems involved in
selecting an instrument to measure fluoride films from I to 200
Angstroms in situ are many. The studies of fluoride film formation
on metal powders appeared to be the most practical approach to the
problem.

2. Reaction of Metal Powders with Gaseous Fluorine

The primary observation from this study is the low thickness of the
apparent fluoride films formed on metal powders. Most of the film
formed very rapidly in the first few minutes of exposure. In one hour
the reaction rate droppeýd to a small fraction of the rate of the first
:,inutes. The rate thereafter remained almost constant for several
hours and after one day was barely detectable.

The above behavior of metal powders was observed at temperatures
of +183° F, +860 F, and -113 F. The film thickness calculation was
based on pressure change with time as fluorine reacted with the metal.
Because reaction between metal powders and gaseous fluorine is
extremely rapid during the first seconds of exposure, the zero
time pressure was determined at the end of a run, after reaction
with the powders had ceased. The zero time pressure was called
the "fluorine standard" and was obtained by exact duplication of
conditions of the run, but without there being any reaction between
the powder and the fluorine. "Nitrogen standards" were also taken
before and after the passivation and agreed with the fluorine standard
to within 1%.
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The behavior of metal powders at -297"F was different than their
behavior at higher temperatures. All evidence indicates that
adsorption of gas on metal powder surfaces at -297*F takes
place. When the gas standards were taken at -297*F, the system
pressure dropped for about 30 minutes and remained constant.
The pressure drop with time for the ten metals studied is presented
in Figures 16 through 18.

It can be seen that the gas standardization steps and the reaction
step are closely parallel curves. The system pressure drops as
gas is adsorbed on the metal powder. The pressure drop caused
by reaction between fluorine and metal powders may be calculated
from the difference in pressure of the fluorine standard at any time
and the corresponding pressure of the system during reaction.
Film thicknesses at 15, 30, and 60 minutes have been calculated
in this manner and are presented in Table XI . It can be seen
that in some cases negative film thicknesses were calculated and
in some cases the film thickness grew smaller with time. These
results represent an unreal situation. They are caused for the
following reasons:

a. The effect of adsorption is much larger than the effect of
reaction and obscured the extent of reaction.

b. The results are based on small differences between large

numbers which are variable and changing with time.

c. The sensitivity of measurement is low at low temperatures.

d. The adsorbed gas may not have been completely removed
from the metal powders after the first adsorption.

e. Apparently "zero time" conditions were not duplicated with
sufficient accuracy.

Based on results of experimental work, it may be concluded that
if any reaction occurs between gaseous fluorine and metal powders
at -297*F, it is very small and does not continue beyond the first
30 minutes of exposure.
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It should be noted that in Run 64, titanium did react chemically with
gaseous fluorine. When 40 gm of titanium powder were reacted with
gaseous fluorine at -297"F and an initial pressure of 302 mm Hg abs,
the pressure dropped to 2 mm Hg abs in seven minutes. This pressure
drop was due to chemical reaction and not due to adsorption of gaseous
fluorine on the metal surface.

The measurement of the surface areas of metal powders was, perhaps
the most critical phase of these experiments. The Brunauer-Emmett-
Teller or B. E. T. method (2) was used for this determination. Although
this procedure is widely used for area determination, its useful range
is I to 1000 square meters per gm of sample. The accuracy is
greatest for largest areas.

In the case of metal powders used in these experiments, the measured
areas were in all, but one case, less than I m2 /gm and in 2 cases
less than 0. 1 m 2/gm. In this range of areas, small inaccuracies
appear magnified and the reproducibility of the results becomes
questionable.

It was felt that measuring surface areas of metal powders before and
after reaction with gaseous fluorine would give some indication of
whether the surface had been affected by the fluorine. Results of
these measurements indicated that there was a wide variation in
the "before" and "after" exposure areas. Since tie cause of this
variation was not exactly known, it was decided to use a "standard"
area for calculation and comparison purposes. These "standard"
areas are listed in Table XVI and were determined from measurements
nude with fresh samples before exposure to fluorine. It must be noted
that the areas are the result of a single measurement. In using these
"standard" areas for calculations, it was assumed that (1) the
measurements were correct, and (2) the samples taken were from
the same container were uniform and representative of the entire
contents of the container.

An independent study of the limitations of the B. E. T. method for area
determinations indicated that measurements on metal powders would
yield only order-of-nragnitude results. The differences in 'before-
and °after exposure areas probably occurred because the method
wrAs not sensitive enough to give accurate results. The experimental
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results of area measurements to determine film thicknesses on metal
powders supports this conclusion. The variation in "before" and
"after" results was not caused by fluorine affecting the areas. The
areas of two independent samples of monel powder from the same
container were measured in the fresh condition. Results differed
by 32%. Non-uniformity of the powder did not cause this variation.
This was demonstrated in 8 runs made with monel powder. Using
a "standard" area to calculate film thickness on monel, the I hour
films were in most the same thickness even though the runs were
nmade with different sample weights at different temperatures and
pressures. These results could not have been achieved if the samples
tested were not uniform. Area measurements on monel samples
varied from -32% to 120% of the "standard" area. Using the
"standard" area, results of film thickness measurements are
comparable even if not precise.

A list of "standard" areas is presented in Table XVI and a list of
"after exposure" areas is presented in Table XVII along with
percent deviation from "standard" areas.

The appearance of metal powders after exposure to gaseous fluorine
showed, upon careful examination under a microscope, that they
were generally less light-reflective and darker than fresh samples.
It was quite difficult to differentiate between exposed and fresh
samples, even when they were placed side by side. Aluminum
puwders had a whitish tint after exposure which may have been
due to fluoride or oxide films. Exposed copper samples were
somewhat darker than fresh samples. Copper powder exposed
at + 1830 F had a greenish tint. This sample was stored in a glass
jar which later became badly etched, presumably by HF release
from the powder. A copper powder exposed at -113 F turned
purple. Some powders were caked upon removal from the sample
cell. In some instances the powders had to be scraped from the
cells and this usually removed metal fluorides which had formed
on the walls of the monel sample holder.

In early runs, microscopic examination of selected powders removed
from the sample cell after exposure to gaseous fluorine indicated
the presence of large crystals assumed to be fluorides. These
crystals were of various colors and did not necessarily correspond
to the color of the fluoride of the metal being studied. Suspecting
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system contamination to be present, a small micron stainless steel
Hoke filter was installed just ahead of the sample holder. Subse
quently, no crystals were found in the exposed powders indicatipg
that fluorides formed in the system had fallen into the powder'
samples. There was never positive identification of fluoride
crystals in the exposed metal powders, probably because the
films formed were so thin that the crystals formed were too
small for microscopic identification.

It has been noted that any significant reaction between gaseous
fluorine and metal p)wders ceases after one or more day•. of
exposure. Upxn initial exposure to g~aseous fluorine, reaction
is too rapid to note tie "zero time" system pressure. A "fluorine
standard" was established to determine this pressure. The "standard"
was obtained after a sample was exposed to fluorine for a day or more
after which time the system pressure varied by 2 mi Hg or less per
hour. The fluorine was evacuated from the systen, and the sample
was re-exposed to the same quantity of fluorine whkch had been used
in the previous reaction. This was done without ::)pening or otherwise
disturbing the system. The "fluorine standard" agreed within 1% of a
"ni trogen standard".

Several runs were made to determine the durability of the protective
fluoride film formed on metal powders after their exposure to gaseous
fluorine. Samples which had been exposed to fluorine were removed
from the sample holder for examination After aLbut one hour of
exposure to the atmosphere they were retu:ned to the sample holder
and again exposed to fluorine under the same con-itions as previously.
In all cases, these samples, which Ih, d ben inert to the graseous
fluorine while taking the "fluorine standard" reacted with the fluorine.
During the second reaction, less fluorine was consumed than during
the first reaction, but tie reaction was sufficiently large to indicate,
Mthat the protective filn w',s not p)rotecting the powder. The quantity
""(i fluorine consumed durhig first and second exposures of selected
s mples is compared in Table XVIII.

* ! A possible explanation of the reaction of expostd samples with t
fluorine was that during tie first exposure the fluorine gras was
contacting only a portion of the powder and remov-al of the sample,
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accompanied by agitation, exposed fresh surfaces. To determine
whether agitation of the samples exposed fresh surfaces, the sample
holder was removed from the system at the conclusion of a run and
agitated without removing the sample. When the sample holder
containing the powder was returned to the system and agait
exposed to fluorine, there was little reaction. This observation
lead to the conclusion that agitation alone was not responsible for
reaction of exposed powders with fluorine. The major factor
causing the second reaction was expected to be atmospheric
moisture reacting with the exposed powders when they were
removed from the sample cell.

A test was made to determine the extent of moisture adsorption by
metal fluorides. A metal fluoride powder, MgF 2 , was selected for
study. This material was expected to be inert to gaseous fluorine.
By exposing it to fluorine, the moisture on the powder would react
to passivate the powder. When reaction ceased, the MgF 2 could be
exposed to the atmosphere and allowed to adsorb moisture. Re-
exposure of the powder to fluorine would allow this moisture to
react and the fluorine consumption would be a measure of the
moisture pickup.

The MgF2 used for this experiment had an initially high moisture
content. The moisture was finally removed after heating the sample
with an oxy-acetylene torch and repeatedly exposing it to fluorine
when there was no reaction between the MgF 2 and fluorine, the
powder was removed from the sample holder and exposed to the
atmosphere in the same manner as had been done with metal powders.
When the MgF 2 was again exposed to fluorine, several times volume
of the system was required to lpssivate the sample, indicating that
"the MgF 2 had picked up a large quantity of atmospheric contamination.

A rough check on the water absorbing tendency of metal fluorides was
nmade by heating samples of MgF 2 , CuF 2 • 2H120, and NiF 2 - 4H 2 0 to
5000 F to remove moisture, weighing them, and leaving them exposed
to the atmosphere overnight. The CuF 2 . 2H20 gave off HF fumes upon
heating and was converted to CuO. The other samples gained weight -
after overnight exposure to the atmosphere. The hygroscopic nature
of metal fluorides was thus confirmed.

.- 3t
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It was concluded from these observations that the fluoride film
formed on metal powders ii hvdrolvzed and destroyed by exposure
to atmospheric humidity. Re-exposure to fluorine results in reaction
of the moisture with the fluorine and the formation of a new film.
Since the damage to the film by humidity is not instantaneous, all
of the film was not destroyed when the powders were examined and
the quantity of fluorine reacted upon second exposure depended on
the extent of deterioration of the film.

It has been reported earlier (13, 14) that moisture in a fluorine
system accelerates corrosion. The fluorine reacts with water to
produce HF, which is highly corrosive. When samples immersed
in liquid fluorine Are warmed to room temperature, there is a gas
phase reaction which causes the shiny surface to become dull. This
same reaction may occur if metal powders are exposed to gaseous
fluorine which is contaminated by HF. The fluoride film formed
would be caused by the reaction with HF rather than reaction with
fluorine. At -297* F, HF is solid and does not react with metals.
The temperature of -113' F is close to the freezing point of HF
(-118* F) and little reaction is expected between the HF and metal.
At +86' F and +1830 F the temperature is above the boiling point of
HF (670 F) and HF becomes a highly corrosive gas.

Moisture in the system comes from two sources, moist samples and
leaks. To assure that the samples were dry, they were heated to
4500 F while vacuum was being drawn on the system. The system
was leak-checked before each run and it was usually possible to
maintain the system at less than 100 microns when drawing vacuum.
Nevertheless, there was the possibility that minute leaks were
present or could develop over the period of the runs which lasted
a day or more.

In several runs. analysis of residual gas in the system after a
samp)le had been exposed to fluorine showed large percentages
of HF to be present. The presence of HF mtay be explained by
calculating the small quantities of water in the system which would
bIx required for the production of HF. Since the apparatus is
submerged in a water bath, water would enter the system if there
were any leaks. Assume the following reAction:

1F2 120 2HF 1/2 02 (12)
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In a system with a void volume of 130 cc, an initial fluoride
pressure of 600 mm at 860 F, the quantity of fluorine present
is, from Equation (6):

WF (I.1 x 103) (130) (600) = 0. 157 gm F 2  (13)

546

0. 00413 gmi moles F2

Based on Equation (6), let x = number of moles of fluorine which
react with water. Assume all water is reacted to produce HF + O2.
On the basis of 1 mole of fluorine at the start, there are 1 - x moles

-of F 2 remaining after the reaction 2x moles of HF and 1/2x moles
of 02. The final quantity of gas is 1 + 1. 5x moles of gas. The ratio
of HF in the gas is 2 x /( + 1.5x). If this ratio is 10%(0.1) HF

1x 2 0.1 and x = 0.054 (14)
1 + 1. 5x

or 5. 4% fluorine is required to react with water to produce 10% HF
in the final gas. In most cases, 50% of the fluorine charged reacts
with the metal powder. For the remaining gas to analyze 10% HF,
the quantity of water necessary for reaction with fluorine is:

WH20 = (0. 054) (0.5) (0. 00413) (18) = 0. 002 gm or ml

(15)

It is possible that this small quantity of water could enter the system
during a run without being detected. The residual gas analysis noting
the quantity of H[F present is indicated in Table VIII. I many instances
it was impossible to get residual gas analyses because the IR sample
cells were being repaired to eliminate leaks.

The fact tliat little or no HF is present in the residual gas does not
mean that HF was not produced during the reaction. It is possible
that 11F did form but reacted with the metal powder and was mostly
consumed.
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There may have been several simultaneous effects in the system which

affected results:

:i. Pressure drop due to reaction of fluorine with metal powders.

b. Pressure rise due to reaction of moisture with gaseous
fluorine.

c. Pressure drop due to reaction of HF with metal powders
(expected between stainless steels and HF).

It has been noted that the pressure drop in the system is most
predominant. If reaction between water and fluorine takes place,
the calculated film thickness is too small. Despite the possibility
of side reactions, the effect of HF on the film thicknesses had to be
neglected in the calculations because of the following reasons:
It was impossible to measure:

a. The rate of HF formation in the system

b. The extent of reaction of HF with the powders was unknown

c. The extent of reaction of HF with system components

d. The source of HF (i.e. whether it was formed prior to a run,
during a run, or during sampling of residual gas for analysis).

There appears to be no correlation between the behavior of metal
powders with gaseous fluorine at different temperatures and this
may be attributed to the effects of HF on the experiments. The
effect of HF on system pressure may be considered by re-examining
Equation (14).

Let F = fraction of fluorine reacted to yield HF. Rewriting Equation
(14)

2x
I+ 1.5x = F (16)

F
or x Ff

S2- 1.5F
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From the percent 11F in the residual gas, it is possible to calculate
how much fluorine reacted to form HF. The effect on the system
pressure is that the pressure rises by 1. 5 times the fluorine
consumed. Taking the example of 10% HF in residual gas, 5.4%
of the fluorine reacted and the system pressure rose by 8. 1%. In
a system with 600 mm Hg abs initial pressure with 50% of the
fluorine reacted with metal powder, the pressure change due to
11F formation is

600xO.5 x0.054x 1.5 = 24.3 mmHg (17)

From Equation (10), a 2 mm error in pressure reading resulted In
an error of 0. 49 angstrom. In this case the error caused by 10%
HF in the residual gas is about 6 angstroms. The effect of HF
depends on the quantity of fluorine reacted, the residual system
pressure, the precent of HF in the residual gas, and the reaction
temperature. While the comparison of films formed at different
temperatures may not be good for the powders studied because of
differences between numbers, the order of magnitude of results is
certainly valid. It may be seen from Table XVIII that the films
formed on the powders were of the same order of magnitude.
There is more variation among the stainless steels as they are
more susceptible to HF attack than the other metals studied.
More precise results could be obtained if additional studies
were made.

In general, all the metals studied are satisfactory in corrosion
resistance to gaseous fluorine. Judgment of superior corrosion
resistance cannot be based on these tests. The fact that one metal
forms less film in one hour than another does not indicate superior
corrosion resistance since the film nmay continue to form indefinitely.
There is also no basis for making corrosion comparisons for
materials where only a few surface molecules react with the
corrosive medium.

In discussing the ten metal powders studied, it is convenient to
group them according to their physical nature and point out
similarities in their chemical behavior.
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Aluminum and Titanium: These metals are useful because of their
high strength to weight ratio.

At -1130, alumitwm formed a film of 6.5 X in one hour which
increased to 163 A after 118 hours. This unusually larger increase
in film thickness after 5 days of exposure indicates that the film
was not entirely protective and allowed the reaction to continue.
This behavior at -l13*F is similar to that for monel and nickel.
At 4 1830 F, the test apparatus developed a leak too small to detect
by snap-testing or vacuum testing (by holding system vacuum).
Yet, after the initial 101 minutes of exposure, the system pressure
began to rise rather than fall. The residual gas contained 75% HF
which cculd only have come fQom water leaking knto the system. At
860 F. the one hour film of 4 A increased to 139 A after 4 days, con-
trasting the reaction at -113* F.

Titanium powder reacts violently with gaseous fluorine. While it
has been demonstrated that solid metal test strips of titanium will
ignite in liquid fluorine, the reacilion is not self propgating. This
is not the case with meWal powders in gaseoue fluorine. When
reaction was started between titanium and ga. eous fluorire at
+86° F, -113* F, and -297V F, the reaction did not stop until most
of the fluorine was consumed. The reaction at .860 F nas ex,)iosive
and at other temperatures less violent. DupliraL , runs we-,. made
with titanium and gaseous fluorine at -1i3'F and -297' 1 using
smaller samples than had been used in the cases where all the
fluorine had beep consumed. With small samples, titanium
behaved much as other powders. This observation leads to the
conclusion that with large samples, tU, P'e is sufficient heat of
reaction to cause the reaction to contr Le. With small samples,
the cooling effect of the constant temperature bath removes most
of the heat of reaction rapidly enough to slow the reaction. After
the initial few seconds, a protect ve film has formed on the titanium
which prevents further violent reaction. It is expected that the
larger the area per unit volume of titULnium and the poorer are
conditions to draw away heat of r action, the more likely is a
sample to burn in gaseous fluor!i -,. At these worst conditions.
it is expected that the reaction between fluorine and metal will
continue until either is consumed. It is not anticipated that this
type of reaction could occur with ordinary structural members
made of titanium because the area to volume ratio is small.
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Drass aznd Cogppe!: These metals are useful for cryogenic service,
are inexpensive and readily available, and easy to join using ordinary
soldering or irazing materials.

The behavior of brass is influenced by its copper content. Very
small films formed on brass. The maximum one hour film was
5.6 X at +86° F reaching 11 X after three days In a duplicate run
at 4860 F, the one hour fimn was 3.3R and I a ý,fter two days,
indicating that results with this powder are reproduci ble. Yellow
brass was used for runs at -113"F and +860F after which the
supply was exhausted. Red brass was used for runs at + 183* F
and -29r/ F. Because of dissimilarities of the two samples and
inaccuracies in area measurements, results with different samples
are not comparable. However, the tendency of this metal to form
very small one hour films which do not increase appreciably with
time is evident from tkhe results.

Copper showed similar behavior to brass when exposed to gaseous
fluorine. The films formed on copper were thicker than those on
brass. Runs were considered reproducible at +86'F with the curves
showing film thickness formation with time almost parallel for four
days of exposure. At all temperatures, the film thickness at the
end of the runs were 2 to 4 times the one hour films indicating
little appreci.ible increase in film after long exposure.

Both copper and brass have been successfully used in 1;xseous
fluorine service. Their resistance to IIF is goo and an important
consideration in their use.

Monel and Nickel: These metals Have excellent corrosion resistant

proplrties and are suited for use at cryogenic temperatures.

Moel lxpwders were studied more th-an all other mefal poWders.
Results were found re-qr¢(xluvibe ir.n that the f ilm thsckness after
three hours was 9 + I X at different tettq!eratures, pressures.
and sa•nple sizos. The filra tickness reached this vAlue most
r'apidly at 183" F and most slowly at -113" F. At a reduced initial

til
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pressure of fluorine gas of 202 mm Hg abs, less reaction occurred
than at higher pressures. At 312 mm Hg abs reaction was the same
as at higher pressures. The pressure where less reaction is first
noted is probably about 1/3 atm abs. Using samples half the usual
weight, there seemed to be more film formed. This small size
seemed to be the minimum size samples which could be run without
introducing appreciable error into results. At -113°F, the film at
the end of 28 hours reached 167X which was a twenty fold increase
over the film in 2. 5 hours. The behavior of monel at this temperature
was similar to that of nickel in that an appreciable increase in film
thickness is noted after prolonged exposure at -113°F. At tem-
peratures of +86* F and +183° F, the film was only 3 to 4 times the
one hour thickness.

Nickel formed relatively thin films ba ed on long exposures despite
the fact that the one hour film of 10.33 A at +860 F was the largest
one hour fIlm of all powders at that temperature. The film reached
only 15.8 after 25 hours. A new batch of powder was used for
runs at -113 F and -297rF making results at these temperatures
and higher temperatures non-comparable because of uncertainties
in area measurement. At -113°F there was more than a tenfold
increase in film from the one hour value to after 25 hours: this
result is similar to the-one for monel at -113°F.

Monel and nickel have been consistently used in fluorine systems
with much success and safety. Their resistance to HF is a great
asset in their use with fluorine.

Stainless Steels: This group of alloys* have similar compositions
and chemical properties. Although generally used because of their
corrosion resistance, they are susceptible to halide attack.

The chemical compositions of the four types of stainless steel
studied are given in Table XIX. The corrosion resistant properties
are dependent on the constituents of the metal although this
relationship has not been studied in these experiments.
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Type 304 stainless steel formed its most stable film at +86° F. The
oMe hour film increased from 8 to 14X in one day. The end-of-run
films at other temperatures were higher than for other metals and
this was a typical case for the four stainless ste cIs. At +183* F the
film increased from 12X in one hour to 44A after a day. At -113°F,
304 stainless steel reacted similarly to monel and nickel with the one
hour film of 5X increasing almost ninefold to 44R overnight. It is
hard to blaoe this behavior on the nickel content as this stainless
steel had the lowest nickel content of the 3 nickel-containing stainless
steels studied and was the only one to e-xhibit the large increase in
film at -1 13' F after prolonged exposure.

Type 3 16 stainless steel formed films which did not increase much
after continued exposure to gaseous fluorine. The greatest percent
increase was from 5X in one hour to 16.7k in one day. It had the
least film of the stainless steels at -113* F. At +183* F, the film
increased least of all metals from 30.8X in one hour to 35. 4A in
4 days. With all other stainless steels, the one hour film tripled
at -113'F from the one hour value to the end-of-run value. It
probably ranks high in its suitability for use in fluorine service
compared to other stainless steels.

Type 347 stainless steel formed the least film of the stainless steels
at ý 183' F and .86F. The one hour film tripled at +183*F from
9. 3 X to 27. 8 X in 39 hours. At 86' F, the one hour film increased
from 5. 4X to 11. 4X overnight. At -113 F, the one hour film tripled
f rom 13 to 41 X in 28 hours. This metal ranks with 316 stainless
steel ior use in fluorine systems.

Type 410 stainless steel contains no mckel and formed the largest
films of all stainless steels. At +183°F the one hour film increased
from 29.3 to 90. 7 X in a day. At +8f" F the one hour film of 8. 5X
reachedI 63. 8 X in 3 days. The smallest increase of one hour film
was at - 113' F where the one hour ,a!ue of 22. 1 A reached only 25. 9 X
in a day. This small increase in filn due to prolonged e.xjsure at
-113* F may be due to the absence of nickel in the alloy.
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D. EXTENDED IMMERSION OF TENSILE SPECIMENS IN LIQUID FLUORINE

The one year exposure of metal specimens to liquid fluorine verified other
results which indicated that there is little corrosion of metal specimens in
liquid fluorine. The maximum corrosion of 0. 7 mils in one year (average)
was observed for Magnesium HM-31.

The significance ol the observation that the tensile properties of metals
were improved after immersion in a cold bath at -3200 F should be con-
firmed with additional tests.

If metals do not show significant corrosion in liquid fluorine, it is to be
expected that there would be no deterioration of tensile properties as
was demonstrated in these studies. A decrease in mechanical strength
is expected for these metals which corrode most. Magnesium HK-31
corroded 0. 7 mils in liquid fluorine and the yield strength Uas 46, 000 psi.
The yield strength for samples in liquid nitrogen was 49,000 psi.

The percent elongation and reduction in area depend s0mewhat on the
rate of applying load to the tensile specimens when they are "pulled"
in the test machine. All specimens were pulled at 0. 025 inches per
minute until yield at 2% elongation and then at a rate of 0. 10 inches per
minute until rupture. Stress-strain curves were automatically plotted
until the 2% elongation load was reached.

Although the specimens were necked down by 0.001 - 0. 002 inches in
(,enter so that they would break at this point, many broke at the ends.
These were the specimens which had ultimate strengths v( ry close to
the yield strength. Magnesium specimens had ultimate swrengths of
50.000 psi and yield strengths of 49, 000 psi.

IV. CONCLUSIONS and RECOMMENDATIONS

A. FLUORINE CONTAMINANTS

The contaminant .s volktile than fluorine whkch are present in an
average fluorin,-, cyli.nrder Weud- C02, CF4, 1IF, SiF 4 , SF 6 , OF 2 .
and SO2 F 2 . Of thee ,•iiy C• and OF2 art' soluble. The others,

I)resent in the qua.titivs ft wid ýu cylioc,-r fluorine, form solids if
the fluorine is liqmled. It is-recw.omeuded tlat they be removwd if

-46-
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the fluorine is to be liquefied and used in a flow system as they may
cause plugging of valves and small lines. OF 2 should be removed as
it appears to increase the corrosion rate of metals in fluorine contami-
nated with it.

The recommended procedure for purifying fluorine to 100% purity is
to:

1. Pass gaseous fluorine through a sodium fluoride scrubbing tower.

2. Liquefy.

3. Filter through a fine filter.

4. Distill in a small evaporator to remove residual contaminats.

The entire purification aystem must be perfectly leik-t.,at. The
purified fluorine must be handled in evacuated and passivated
equipment equally leak free.

The solubility of CF 4 at -297 F and -320' F is 40 tool percent and
4.5 mol percent respectively. At -320* F, OF 2 is soluble in quantities
greater than 10%. Other contaminants are insoluble.

While the infra-red technique has been found to be highly satisfactory
for the analysis of gaseous fluorine, other methods may be practical.

* Gas chromatography may be acceptable if suitable column and detection.
techniques are used.

B. REACTIONS ON METAL SURFACES

Visual observation of the action of liquid fluorine on metal surfaces
indicates that little or no corrosion occurs in the liquid phase. Reaction
was observed in the gaseous phase. It is conclucd -d that the gas phase
reaction is due to the presence of contaminants. It is recommended that
gaseous fluorine be contam'nant-free to reduce ox)ssible corrosion. The
contaminants, except for OF 2 , appear to be Wner in the liquid. Liquefying
and ev-alporating fluorine repeatedly in a metal container will probably
increase the corrosion of the metal, but this has not been verified.

NA "-47-
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Traces of hydrocarbons cannot be removed from metal surfaces by
exposing them to gaseous fluorine, CIF 3 , or mixtures of F 2 and CIF 3 .
The hydrocarbons react with these gases hut are not converted to CF 4
and HF which are inert to liquid fluorine. Traces of carbon and
fluorinated oils are produced which could react explosively with
liquid fluorine. It is recommended that all metal surfaces be
meticulously cleaned before exposing them to liquid fluorine even if
the surfaces are to be passivated in gaseous fluorine. This passi-
vation technique is useless for removing the harmful effect of oils.
even though it may remove traces of moisture. The technique for
cleaning materials for ox,-gen service is probably satisfactory for
materials to be used with fluorine and should be used.

Short term immersion tests indicate that almost all corrosion of metals
in liquid fluorine occurs in the first minutes of exposure. Serious cor-
rosion does not occur after this time and almost all metals suitable for
cryogenic service can be used safely for liquid fluorine. Oxygen
difluoride increases the corrosion rate of metals in liquid fluorine,
but not sufficiently to create a safety problem. Nevertheless, it
should not be present in liquid fluorine as no additional corrosion
in liquid fluorine is desirable.

C. FLUORIDE FILM STUDIES

Gaseous fluorine is adsorbed on metal powders at -297*F. There
appears to be Jittle if any reaction between gaseous fluorine and
metal powders at this temperature. The fluorine numy be desurbed
by heating the powder to room temperaturv, and/or drawing vacuum
on it.

Passivation of metal surfaces before exposure to litiuid fluorine is
necessa ry only if the surface is suspected tA having t r-aces of contami -
nants present. Passivation will not remove hydrocar1X)ns or oils. hut
it may eliminate moisture adsorbed on the metal surfaces. Apparently.
film for-nation is not a facteir in corrosion resistance of metals expo)sedl
to fluorine at low temper-atures (-<i` F). What little film forms is
"formed rapidly and in several miuutes reaches more than half the

a!.
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value att.Ained in one hour. One hour fluoride films are usually less
than 100A. If a passivation procedure is used, the time of exposure
of fluo rine re(quired to give passivation protection is probably not more
than, e ho)ur. Only clean systems should be passivated and these at a
higTher te mperature and pressure than ctontemplated for service. Passi-
vxation should be accomplished as the prior step to fluorine service.
Unless the pxassivated surface is kept in a dry, inert atmosphere, the
benefit of passivation to form a protective fluoride film are lost. If
thl passivation has as its purpose to clean surfaces, and does so, ib,,
clean surface will be preserved better in a dry, inert atmosphere.

Care should be taken in using titanium in a fluorine system. The
titanium may ignite and cause a violent reaction. However, if there
is a small surface to volume ratio of metal, the heat of reaction may
1A, conducted away from the point of ignition rapidly enough to prevent
,n explosion. Tiktnium may be used more safely in low temperature
systems than in high temperature ones because of easier heat removal
fronm a possible reaction site. Thus, the temperature, pressure, and
service must be carefully evaluated before titanium is selected as a
material of construction for fluorine service.

1). EXTENDED IMMEIMSION TESTS

Mechanical properties of tensile specimens immersed in liquid fluorine
are essentially the same as mechanical properties of similar specimens
immersed in liquid nitrogen for the same period. The mechanical
strength of the metals exposed to low temper-atures appeared to N,
superior to tiominal hiandbx)k values. These experiments kIcd to the
conclusiott that all of the metals tested are satisfactory for liquid
fluorrme systems. The selection of materials should consider their
resistance to IIF, which is often associated with liquid fluorine. Also
to N., consicde red are cycling between g-aseous and liquid service,
'expwcted system clea:ihness, and temperature cycling of the system.

Tilhe crrosion i-Ate of metals immersed in fluorine is extremely lt)w,
(less than one mi in one year). All the metals studiedi are recommended
for liquid fluorine service 1aised on static corrosonm requirements.

$ -49-
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TABLE 1H

DETERMINATION OF SOLUBILITY OF CONTAMINANTS IN LIOUID FLUORINE

Composition Temp.
Run Date of Gas" Mix *F Appearance Re mar

1/25,26,27 ..... ... Set up system used fo

1/30 F2 = 95% -320 Liquid clear with a few small parti- Explosion at filter P
CF 4 = 5% cles floating in the liquid. Liquid until after the run.

was yellowish orange in color, must have been conta
liquid N2 , explaining
orange color.

co 1/31 F 2 = 94.3% -320 Liquid was clear for approximately
CF 4 = 5.7% 15 minutes. Fine particles were then

observed in the liquid, Liquid was
orange in color.

2/2 F2 = 90% -320 Liquid cloudy, full of fine particles.
CF4 = 10%

2/6 F2 = 93% -320 Liquid cloudy. After condensation, n
CF 4 = 7% appeared until appro

2/7 F2 = 95% -320 Liquid was clear and then turned After condensation th
CF 4 = 5% cloudy, contained fine partcle

2/8 F 2 = 97% -320 Liquid remained clear, no solids . .
CF4 = 3% noticeable.

2/9 F2 = 95% -320 Liquid cloudy, full of fine particles. . .
CF 4 = 5%

2/10 F2 = 96% -320 Liquid clear. No solids appeared un
CF 4 = 4% mately 1/4 of the liqu

away.

2/13 F2 = 95.5% -320 Liquid clear. No solids appeared mi
CF 4 s 4.5% mately 1/2 of the Iilta

away.

8/8 SI4 = 3% -320 Liquid; orange in color and cloudy.

F2 - 97% White solids along sides of test cell,
the depth of the liquid. Also a deposit
on the bottom of the ceU. The vapor
space above the liquid was yellowish
in color.

6/9 SIN4 = 1% -320 The appearevce of test cell was similar
F2 = 99% to the previous test (6/8) but les

soids were observed.

6/13 5174 0 .2% -330 The appearance of test cell was similar Diamonewed a 10k6
F2 . 99.8% to the two previous Ns. Leas solids peuet*,

than In teat of 0/9.
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TABLE 11

TERMINATION OF SOLUBILITY OF CONTAMINANTS IN LIQUID FLUORINE

ion Temp.
fix F Appearance Remarks

0
..... Set up system used for solubility runs.

L -320 Liquid clear with a few small parti- Explosion at filter gasket not detected
cles floating in the liquid. Liquid until after the run. Liquid mixture
was yellowish orange in color, must have been contaminated with

liquid N2 , explaining the yellowish
orange color.

3% -320 Liquid was clear for approximately
7% 15 minutes. Fine particles were then

observed in the liquid, Liquid was
orange in color.

-320 Liquid cloudy, full of fine particles.
n

n -320 Liquid cloudy. After condensation, no particlesappeared until approximately 15 minutes.

-320 Liquid was clear and then turned After condensation the mixture
cloudy, contained fine particles

-320 Liquid remained clear, no solids

noticeable.

-320 Liquid cloudy, full of fine particles.

n
-320 Liquid clear. No solids appear'd until approxi-

mately 1/4 of the liquid had boiled
away.

ui % -320 Liquid clear. No solids appeared until approxi-i% mately 1/2 of the liquid had boiled
a 3rey.

-320 Liquid; orange in color and cloudy.
White solids along sides of test cell
the depth of the liquid. Also a deposit
on the bottom of the cell. The vapor
ipace above the liquid wais yellowish
in color.

-320 The appearance of test cell was similar .. .
to the previous test (6/8) but less
soUds were observed.

Te -320 The appearance of test cell was strolar Discovered a leak. Tet will be st-

to the two previous 1,Vrx, Less solids



orange in color.

2/2 F2 = 90% -320 Liquid cloudy, full of fine particles.

CF4 = 10%

2/6 F2 = 93% -320 Liquid cloudy. After condenatio

CF4 = 7% appeared until a

2/7 F2 = 95% -320 Liquid was clear and then turned After condensation

CF 4 = 5% cloudy. contained fine parti

2/8 F 2 = 97% -320 Liquid remained clear, no solids .....

CF4 = 3% noticeable.

2/9 F2 = 95% -320 Liquid cloudy, full of fine particles. ...

CF 4 = 5%

2/10 F2 = 96% -320 Liquid clear. No solids appeared

CF 4 = 4% 
mately 1/4 of the I
away.

2/13 F2 = 95.5% -320 Liquid clear. No solids appeared

CF4 = 4.5% 
imately 1/2 of the liq

away.

5/8 SIF4 = 3% -320 Liquid; orange in color and cloudy. .....
F2 - 97% White solids along sides of test cell,

the depth of the liquid. Also a deposit

on the bottom of the cell. The vapor
space above the liquid was yellowish
in color.

6/9 SiF 4 - 1% -320 The appearance of test cell was similar ..

F 2 = 99% to the previous test (6/8) but less
solids were observed.

6/13 SiF 4 - .2% -320 The appearance of test cell was similar Discovered a leak.

F2 - 99.8% to the two previous tuns. Less solids peated.
than in test of 6/9.

6/15 SiF 4 a .2% -320 No change in appearance from previous . ....

test (6/13).

6/17 SF 6 w 3% -320 Liquid appeared cloudt. White solids . .

P2 n 97% on sides and bottom of cell. Vapor
above cell appears yellow.

7/11 St6 - 1.33% -320 Liquid appeared cloudy as it condensed. .... .

F2 - 98. 7% White solids on bottom of the cell.

7/17 SF6 = 0. 2% -320 No solids floating in liquid,' but liquid is ..

F2 - 99.68% is not clear. Solids on bottom of cell.

7/17 SF6 a0. 1% -320 Liquid full of fine particles. Solids

F2 a 99. 9% on bottom of cell.

i /



-320 Liquid cloudy, full of fine particles.

-320 Liquid cloudy. After condensation, no particles
appeared until approximately 15 minutes.

-320 Liquid was clear and then turned After condensation the mixture
cloudy, contained fine particles

-320 Liquid remained clear, no solids
noticeable.

-320 Liquid cloudy, full of fine particles.

-320 Liquid cloar. No solids appeared until approxi-
mately 1/4 of the liquid had boiled
away.

-320 Liquid clear. No solids appeared until approxi-
mately 1/2 of the liquid had boiled
away.

-320 Liquid; orange in color and cloudy.
White solids along sides of test cell,
the depth of the liquid. Also a deposit
on the bottom of the cell. The vapor
space above the liquid was yellowish
in color.

-320 The appearance of test cell was similar ..
to the previous test (6/8) but less
solids were observed.

-320 The appearance of test cell was similar Discovered a leak. Test will be re-
to the two previous tuns. Less solids peated.
than in test of 6/9.

-320 No change In appearance from previous . ....
test (6/13).

-320 Liquid appeared cloudy. White solids *
on sides and bottom of cell. Vapor
above cell appears yellow.

-320 Liquid appeared cloudy as It condensed. . .
White solids on bottom of the cell.

-320 No solids floating in liquid, but liquid in . .

is not clear. Solids on bottom of cell.

-320 Liquid full of fine particles. Solids ...
on bottom of cell.

7 , 7



TABLE III

PASSIVATION OF CONTAMINATED METAL SURFACES WITH FLUORINE, CIF 3 , and F2 -

Wt. of Wt. of
Hexadecane Residue

Run Gas Before After Reaction*

No. Alloy Used Pressure Exposure Exposure Violence Rem

262 Nickel F, 19.8" Hg. 1.1 mg. 1.6 mg. None Thick white film

263 Nickel F2  18 " Hg. 1.2 mg. .05 mg. None Thick white film

264 Nickel F 2  18" Hg. 0.6 Mg. .7 mg. None Thick white film

265 Nickel F 2  18" Hg. 1. 5 Mg. 2.6 mg. None Heavy oil presel
-I thick white film.

266 Nickel F 2  18" Hg. 1. 9 Mg. 2.7 mg. Moderate Film oil, thick

267 Nickel F2  18" Hg. 3.1 mg. 5.3 mg. Moderate Thick layers of

268 Al 6061 F 2  10" Hg. 0.2 mg. .2 mg. None No change visib

269 Al 1100 F 2  10" Hg. 0.2 mg. .3 mg. None No change visib

270 Al 1100 F 2  10" Hg. 8.7 mg. 2. 5 mg. Moderate Oil film like va

271 Al 6061 F 2  10" Hg. 5.6 Mg. 9.6 mg. Moderate Oil film like va

272 Al 1100 F 2  10 psig 5. 1 mg. 10. 1 mg. Moderate White film.

273 Al 6061 F 2  10 psig. 15.4 mg. 18. 5 mg. Moderate White film, spo

274 A-110-AT F 2  10 psig 5.7 mg. 16.4 mg. Moderate Thick oil film,

275 A-110-AT F 2  10 psig 4.4 mg. 14.0 mg. Moderate Thick oil film,

276 A-110-AT F 2  10 psig 13.0 mg. 15.9 mg. Moderate Dish black, wht

277 A-1100 F 2  1 atma. 16.2 mg. 16.4 mg. Moderate Dish completel.

278 Nickel F 2  10 psi 19. 5 mg. 36.2 -mg. Moderate Heavy oil film,

279 A-110-AT F 2  10 psig 14.8 mg. 10.2 mg. Moderate Circled arem of

280 AL-1100 F2 10 pslg 12. 1 mg. 13.5 mg. Moderate Black scars.

281 Nickel F2 10 pslg 24.7 mg. 20.1 mg. Heavy Black MIars oa

282 Al 6061 F 2  10 psi 28.2 mg. 27.1 mg. Moderate Black heavy

283 Nickel F2 10 psi 29.6 mg. 26.1 mg. Moderate Black spot8 •m

284 Nickel F 2  10 psi 38.2 mg. 34.6 mg. Heavy Heavy bAtk

9 10 no 19. 1 . 30.4 mt. Moderate Gold ftU



TABI.E HI

'OF CONTAMINATED METAL SURFACES WITH FLUORINE, CIF 3 , and F2 -CIF3 MIXTURES

Wt. of Wt. of
Hlexadecane Residue

(;as Before After Reaction*
Used Pr',ssure Expsure Exposure Violence Remarks

V, 19.8" ftg. 1. 1 nin. 1.6 mg. None Thick white film on dish.

F2  18 " Hg. 1.2 Mg. .05 mg. None Thick white film on dish.

F2  18" Hg. 0. 6 Mg. .7 mg. None Thick white film.

F2  18" Hg. 1. 5 Mg. 2.6 mg. None Heavy oil present on both corners,
thick white film.

F2  18" Hg. 1.9 Mg. 2.7 mg. Moderate Film oil, thick white film.

F 2  18" Hg. 3.1 mg. 5.3 mg. Moderate Thick layers of oil, white film.

F 2  10" Hg. 0.2 mg. .2 mg. None No change visible.

F 2  10" Hg. 0. 2 mg. .3 mg. None No change visible.

F 2  10" fig. 8.7 mg. 2.5 mg. Moderate Oil film like vasoline, white film.

F2  10" Hg. 5.6 mg. 9.6 mg. Moderate Oil film like vasoline, white film.

F2  10 psig 5.1 mg. 10.1 mg. Moderate White film.

F 2  10 psig 15.4 mg. 18.5 mg. Moderate White film, spotted.

F2  10 psig 5. 7 mg. 16. 4 mg. Moderate Thick oil film, white film.

F 2  10 psig 4. 4 mg. 14.0 mg. Moderate Thick oil film, white film.

F2  10 psig 13.0 mg. 15.9 mg. Moderate Dish black, white film.

F 2  1 atms. 16. 2 mg. 16. 4 mg. Moderate Dish completely blaclc.

F 2  10 psi 19. 5 mg. 36.2 mg. Moderate Heavy oil film, white film.

F2  10 psig 14. 8 mg. 10. 2 mg. Moderate Circled area of black coke on coupon.

F2 10 psig 12. 1 mg. 13. 5 rag. Moderate Black scars.

F2 10 psig 24.7 Mg. 20. 1 mg. Heavy Black scars on face.

F2  10 psi 28.2 mg. 27. 1 mg. Moderate Black heavy grit on face.

F2 10 psi 29.6 mg. 26. 1 mg. Moderate Black spots on white film.

F 2  10 psi 38 .2 mg. 34.6 mg. Heavy Heavy black grit on face.

F2 10 psi 19. 1 mg. 30.4 mg, Moderate Gold film present on surface.



267 Nickel F2  18" Hg. 3. 1 mg. 5.3 mg. Moderate Thick layers of oil,

268 Al 6061 F2  10' Hg. 0. 2 mg. .2 mg. None No change visible.

269 Al 1100 F 2  10" Hg. 0.2 mg. .3 mg. None No change vislb

270 Al 1100 F 2  10" Hg. 8.7 mg. 2. 5 mg. Moderate Oil film like vaso

271 Al 6061 F 2  10" Hg. 5.6 mg. 9.6 mg. Moderate Oil film like vasoli

272 Al 1100 '"2 10 psig 5.1 mg. 10.1 mg. Moderate White film.

273 Al 6061 F 2  10 psig 15.4 mg. 18.5 mg. Moderate White film,

274 A-110-AT F2  10 psig 5.7 mg. 16.4 mg. Moderate Thick oil film, whi

275 A-110-AT F 2  10 psig 4.4 mg. 14.0 mg. Moderate Thick oil film, whi

276 A-1 10-AT F 2  10 psig 13.0 mg. 15.9 mg. Moderate Dish black, white I

277 A-1100 F2 I atms. 16.2 mg. 16.4 mg. Moderate Dish completely b

278 Nickel F 2  10 psi 19.5 mg. 36. 2 "m. Moderate Heavy oil film, whi

279 A-110-AT F 2  10 psig 14.8 mg. 10.2 mg. Moderate Clrcled area of b

280 AL-1100 F2 10 psig 12. 1 mg. 13. 5 mg. Moderate Black scars.

281 Nickel F2 10 psig 24. 7 mg. 20. 1 mg. Heavy Black scars on face

282 Al 6061 F 2  10 psi 28. 2 mg. 27. 1 mg. Moderate Black heavy grit on

283 Nickel F 2  10 psi 29.6 mg. 26. 1 mg. Moderate Black qsts on wht

284 Nickel F2  10 psi 38.2 mg. 34.6 mg. Heavy Heavy black grit on

285 Nickel F2  10 psi 19. 1 mg. 30.4 mg. Moderate Gold film presendt

286 Monel F2  10 psi 18.8 Mg. 8. 5 mg. Moderate Black film on sua•a

287 Nickel F2  16 psi 18.7 mg. 9.9 mg. Heavy . ....

288 Monel F2  10 psi 16.3 mg. 10.5 mg. Heavy Black surface

289 .001 Monel F 2  10 psi 32.3 mg. . . . . .. Heavy Heavy corrosion on
and yellow fluoride

290 . 001 Monel F 2  10 psi 59.9 mg. . . . . . Heavy Complete black fill

291 .001 Monel F2  10 psi 21. 1 mg. . . . . . Heavy Black grit with yel

292 .001 Monel F2 10 psi ..... ... , . Heavy Yellowish greent

293 .001 Monel F2 10 pslg 1.7 mg. . . . . . Heavy Completely kll of

294 .001 Monel F2 10 psig 1.7 mg. . . . .. Heavy completely %wlt of

(Continued)



F2  10" fg. 0. 2 Mg. .2 mg. None No change visible.

F 2  10" Hg. 0. 2 mg. .3 mg. None No change visible.

F2  10" Hg. 8. 7 mg. 2. 5 mg. Moderate Oil film like vasoline, white film.

F2  10" Hg. 5.76 Mg. 9.6 mg. Moderate Oil film like vasoline, white film.

F 2  10 psig 5. 1 mg. 10.1 mg. Moderate White film.

F2  10 psig 15.4 mg. 18.5 mg. Moderate White film, spotted.

F 2  10 psig 5. 7 mg. 16.4 mg. Moderate Thick oil film, white film.

F2  10 psig 4. 4 mg. 14.0 mg. Moderate Thick oil film, white film.

F 2  10 psig 13.0 Mg. 15.9 mg. Moderate Dish black, white film.

F 2  1 atms. 16. 2 mg. 16. 4 mg. Moderate Dish completely black.

F 2  10 psi 19. 5 mg. 36.2 mg. Moderate Heavy oil film, white film.

F 2  10 psig 14.8 mg. 10.2 mg. Moderate Circled area of black coke on coupon.

F2 10 psig 12. 1 mg. 13. 5 mg. Moderate Black scars.

F2 10 psig 24.7 mg. 20.1 mg. Heavy Black scars on face.

F 2  10 psi 28. 2 mg. 27. 1 mg. Moderate Black heavy grit on face.

F2  10 psi 29.6 mg. 26. 1 mg. Moderate Black spots on white film.

F2  10 psi 38.2 mg. 34.6 mg. Heavy Heavy black grit on face.

F 2  10 psi 19.1 mg. 30.4 mg. Moderate Gold film present on surface.

F 2  10 psi 18.8 Mg. 8. 5 mg. Moderate Black film on surface.

F 2  16 psi 18.7 mg. 9.9 mg. Heavy . .

F2  10 psi 16.3 mg. 10. 5 mg. Heavy Black surface

F 2  10 psi 32.3 mg. . . . . . Heavy Heavy corrosion on sides. Purple
and yellow fluorides.

I F 2  10 psi 59.9 mg. . . . . . Heavy Complete black film.

F2  10 psi 21. 1 mg. . . . . . Heavy Black grit with yellow fluoride.

F2 10 psi . . . . . . . . . Heavy Yellowish green fluoride.

F2 10 psig 1.7 mg. . . . . . Heavy Completely full of fluorides.

F2 10 psig 1.7 mg. . . . . . Heavy Completely full of fluorides.

. I
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TABLE III (ContinueA)

"CONTAMINATED METAL SURFACES WITH FLUORINE, CIF 3 , and F 2 -CIF 3 MIXTURES

Wt. of Wt. of
Hexadecane Residue

GAs Befor,, After Reaction*
Used Pressure Exposuro Exposure Violence Remarks

F- 10 psi .4 mg ..... ..... Black spots.

F2  10 psi .2 Mg. . 1 Mg ...... Black spots.

F2 10 psi" .2 mg ...... .... None Clean.

F2  10 psig ..... ..... None Clean.

F.1 10 psig 2.6 mg ...... ... Moderate Heavy black area.

F2  10 psig 2.0 mg ...... .... Moderate Heavy black area.

F 2  10 psig 20.9 mg . . . ... Heavy Heavy black film.

F 2  10 psig 43.3 mg ...... ... Heavy Scattered black films.

F2  10 psi 1.5 mg ...... ... Moderate Shiny,

F2  10 psi 1. 5 mg ...... ... Moderate 20% black.

F 2  10 psi 3.4 mg . . . ... Moderate Oil turned to a gold color - 85% of area.

F 2  10 psi 3.3 mg...... Moderate Oil turned to black about 75% of area.

F 2  10 psi 29. 5 Mg . . . ... Moderate 100% black.

F 2  10 psig 44.6 Mng . . . ... Heavy Sample black, spotted.

F 2  10 psig 28. 5 mg . . . ... Moderate Sample 100% black.

F2  10 psig 40.2 mg . . . ... Moderate Sample 100% black,

F2  10 psig 5.2 mg . . . ... Moderate Sample 60% black.

F2  10 psi 4.6 mg . ... Moderate Sample 40% black.

F2  10 psi 93.6 mg . . . ... Heavy Sample 100% black,

F 2  10 psi 62.4 mg . . . ... Heavy Sample 100% black.

F 2  10 psi 70. 9 mg. 8. 1 mg. Heavy Sample 100% black,

F 2  10 pal 57.4 mg. 4.9 mg. Heavy Sample 100% black.

F2  25 psi #I. 7 mg. . , . , Heavy Sample 90% black,

F 2 25 pail 61. m . , .M . , Heavy Sampleo O% black,



300 . 005 Cu. F2  10 psig 2.0 mg. . . . . . Moderate Heavy black area.

301 .005 Cu. F 2  10 psig 20.9 mg. . . . . . Heavy Heavy black film.

302 .005 Cu. F 2  10 psig 43.3 mg. . . . . . Heavy Scattered black fil

303 .005 C41. F2  10 psi 1.5 mg . . . . .. Moderate Shiny,
2

304 .005 Cu. F2  10 psi 1.5 mg . . . . .. Moderate 20% black.

305 .005 Cu. F2  10psi 3.4mg .......... Moderate Oil turned to a gold cc

306 .005 Cu. F 2  10 psi 3.3 mg .......... Moderate Oil turned to black a
I

307 .010 Cu. F2  10 psi 29. 5 mg . . . . .. Moderate 100% black.

308 .010 Cu. F2  10 psig 44.6 mg . . . . .. Heavy Sample black, spotted

309 .010 Cu. F2  10 psig 28. 5 mg. Moderate Sample 100% black.

310 .010 Cu. F2  10 psig 40. 2 mg .......... Moderate Sample 100% black.

311 .010 Cu. F2  10 pslg 5.2 mg ...... Moderate Sample 60% black.

312 .010 Cu. F2  10 psi 4.6 mg ...... ... Moderate Sample 40% black.

313 .010 Cu. F 2  10 psi 93.6 mg ...... ... Heavy Sample 100% black.

314 .010 Cu. F 2  10 psi 62.4 mg . . . . . Heavy Sample 100% black.

315 .005 Cu. F2  l0 psi 70.9 mg. 8.1 mg. Heavy Sample 1001% black.

316 .005 Cu. F2  10 psi 57.4 mg. 4.9 mg. Heavy Sample 100% black.

317 .005 Cu. F2  25 psi 6I. 7 mg . . . . . Heavy Sample 90% black.

318 .005 Cu. F2  25 psi 61.6 mg .......... Heavy Sample 90% black.

319 .005 Brass F2  50 psi 54.9 mg . . . . . ..... Sample 50% black.

320 .005 Brass F2  50 psi 72.6 mg. . . . . . . . . . . Sample 75% black.

321 .005 Cu. F2  60 psi 64.7 mg. 4. 2 mg. Heavy Sample 30% black.

322 .005 Cu. F2 60 psi 116.6 mg. 4.7 mg. Heavy Sample 90% black.

323 . 001 Monel CIF 3  ? 14.02 mg. . . . . . Heavy Some of the carbon on d

324 .001 Monel CIF 3  ? 14.02 mg. . . . . . Heavy Some of the oily mater

325 .001 Monel CIF3 I atms. 14.02 mg. . . . . . Heavy . .

326 .001 Monel CIF 3  I atms. 14.02 mg. . . . . . Heavy Small pool of liquid on d

327 .001 Monel CIF 3  5 psig 14.02 mg. . . . . . Moderate Bottom sle of dish sho
yellow Euor~ies.,

(Continuted)
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2 10 psig 2.0 mg. . . . . . Moderate Heavy' 'blackara. I

2 10 psig 20. 9 mg ...... Heavy Heavy black film,

2 10 psig 43.3 mg. . . . . . Heavy Scattered black films.

2 10 psi 1.5 mg. . . . . . Moderate Shiny,

2 10 psi 1. 5 mg. . . . . . Moderate 20% black.

2 10 psi 3.4 mg ...... .... Moderate Oil turned to a gold color - 85% of area.

2 10 psi 3.3 mg. . . . . . Moderate Oil turned to black about 75% of area.
k a

2 10 psi 29. 5 mg. . . . . . Moderate 100% black.

tted 2 10 psig 44. 6 mg ...... Heavy Sample black, spotted.

2 10 psig 28. 5 mg ...... .... Moderate Sample 100% black.

2 10 pslg 40. 2 mg ...... .... Moderate Sample 100% black.

2 10 psig 5. 2 mg...... Moderate Sample 60% black.

2 10 psi 4.6 mg ...... .... Moderate Sample 40% black.

2 10 psi 93.6 mg ...... .... Heavy sample 100% black.

2 10 psi 62. 4 mg . . . ... Heavy sample 100% black.

2 10 psi 70.9 mg. 8. 1 mg. Heavy Sample 100% black.

10 psi 57.4 mg. 4.9 mg. Heavy Sample 100% black.

2 25 psi 671.7 mg .... ...... Heavy Sample 90% black.

25 psi 61.6 mg . ... Heavy Sample 90% black.

50 psi 54.9 mg ....... ... . Sample 50% black.

50 psi 72.6 mg . . . . . . . Sample 75% black.

60 psi 64.7 mg. 4.2 mg. Heavy Sample 30% black.

60 psi 116.6 mg. 4.7 mg. Heavy Sample 90% black.

ond 3 ? 14.02 mg. . . . . . Heavy Some of the carbon on dish vs flak.

terl F3  ? 14.02 mg. . . . . . Heavy Some of the oily material still on dish.

F3 I atms. 14.02 mg. ..... Heavy

F3  I atms. 14.02 mg. . . . . . Heavy Small pool of liqtid on dish,

F3 5 psg 14. 02 mg ...... Moderate Bottom side of dish showed some
sho F 5yellow fluor!rles,

7, •
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TABLE III (Coi4tirue:)

PASSIVATION OF CONTAMINATED METAL SURFACES VATI! FLUORINE. C!F 3 , and F2 -C'F 3

Wt. of Wt. of
Hexadecane Residue

Run Gas Before After Reaction*
No. Alloy Used Pressur' Exposure Exposur Violence Remarks

328 .001 Monel CIF 3  5 psig 14.02 mg...... None .....

3,9 .001 Monel CIF3 5 psig 14.02 mg ...... ... Moderate Some of the carbon
and crumbled up.

330 .001 Monel CIF 3  5 psig 14.02 mg ...... Light . ....

331 .001 Monel CIF 3  5 psig 14.02 mg ...... ... Moderate Yellow and mostly hti
over top and bottom ot
side of test cell were

332 . 001 Monel CIF 3  5 psig 14. 02 mg ....... Moderate Heavy string-shaped c
on top of dish, withy
fluorides on bottom st

333 .001 Monel C1F 3  5 psig 14.02 mg. . . . . . Moderate Inside of test cell was

334 .001 Monet CIF3 5 psig 14. 02 mg. . . . . . None No carbon or fluoride:

335 .010 Cu. CIF3 5 psig 14.02 mg. . . . . . Heavy Heavy string-shaped
on top of dish.

336 .010 Cu. CIF 3  5 psig 14.02 mg. . . . . . Heavy Heavy string-shaped
on top of dish.

337 .010 Cu. CIF 3  9 psig 14.02 mg. . . . . . Heavy Heavy string-shaped
on top of dish.

338 .010 Cu. CIF 3  5 psig 14.02 mg ..... . None Heavy string-shaped
on top of dish.

339 .010 Cu. CIF 3  5 psig 14.02 Mg. . . . . . Heavy Heavy string-shaped
on top of dish.

340 .010 Cu. CIF 3  5 psig 14.02 mg. . . . . . None Heavy strtig-shaped
on top of dish.

341 .010 Cu. CIF3  5 psig 14.02 mg. . . . . . Heavy Heavy string-shapet-
on top of dish.

342 .010 Cu. CIF3  5 psig 1. 8 Mg. .o. a % % None No carbon or fbhor•,le

343 .010 Cu. ClF3 4 psig 1.0 mag. ,. . 0. . None No carbon or fhioride

344 .01OCU. Cl?3  4 paig 1.8 Mg. # 41* None No carb~onat flawi~d

345 .oloCU. CI?3 4palg 163Mg$ I.... Nono Nocarbon orthorW

j n.



TABILE III (C,,tilvue .)

9)NTAMNNATED METAL SURJFACES WITHI FLUORINE. C'F 3 , and F 9 -C'F 3 MIXTURES

Wt. of Wt. of
lhvxadecane Residue

as Before After Reaction"
';ed Pressutr" Exposure Exposure Violence Remarks

"IF3  5 Psil: 14. 02 mg ...... ... None

IF3 5 Psig 14. 02 mg...... Moderate Some of the carbon was string-shaped
and crumbled up.

IF 3  5 psig 14.02 mg ...... ... Light . .

IF 3  5 psig 14.02 mg ...... ... Moderate Yellow and mostly white fluorides
over top and bottom of dish, also in-
side of test cell were pools of liquid.

IF 3  5 psig 14. 02 mg ...... ... Moderate Heavy string-shaped carbon deposits
on top of dish, with yellow and green
fluorides on bottom side of dish.

IF 3  5 psig 14.02 mg ...... ... Moderate Inside of test cell was completely white. 9

F3 5 psig 14.02 mg ...... ... None No carbon or fluorides on dish.

-F3 5 psig 14.02 mg ...... ... Heavy Heavy string-shaped carbon deposits
on top of dish.

F3  5 psig 14. 02 mg ...... ... Heavy Heavy string-shaped carbon deposits
on top of dish.

F3  9 psig 14.02 mg ...... ... Heavy Heavy string-shaped carbon deposits
on top of dish.

F3  5 psig 14. 02 mg ...... ... None Heavy string-shaped carbon deposits 4
on top of dish.

F3  5 psig 14. 02 mg. . . . . . Heavy Heavy string-shaped carbon deposits
on top of dish.

F3  5 psig 14.02 mg. . . . . . None Heavy string-shaped carbon deposits
on top of dish.

F3  5 psig 14. 02 mg. . . . . . Heavy Heavy string-shaped carbon deposits

on top of dish.

F3  5 psig .1. 8 mg. . . . . . None No carbon or fluoride on dish.

F3  4 psig 1.8 mg. . . . . . None No carbon or fluoride on dish.

F3  4 psig 1.8 mg. , . . . . None No carbon or fluoride on dish,

F3 4 paig 1.8 mg. . . . . . None No carbon or fluoride on dish.

V Armlf r mm I A m1tir.... Mnn fmm " l nr thinrlde on M.h I .... .. JI



over tf~p and~ toA~ttkv

side of teM ceIl ,-ar.

3:12 001 Monel CIF 3  5 p~ig 14. 02 mg. ...... Moderate Heavy strin-shaJ
on top of dish, wth
fluorides on Ioston

333 .001 Monel CIF 3  5 psig 14.02 mg...... Moderate Inside of test coll

334 .001 Monel CIF3 5 psig 14.02 mg ...... ... None No carbon or fluori-

335 .010 Cu. CIF3 5 psig 14.02 mg. . . . . . Heavy Heavy string-shapeW
on top of dish.

331; 010 Cu. CIF 3  5 psig 14.02 Mg. ...... Heavy Heavy string-sha
on top of dish.

:137 010 Cu. CIF 3  9 psig 14.02 mg. ...... Heavy Heavy string-sha
on top of dish.

338 010 Cu. CIF 3  5 psig 14.02 ang. ...... None Heavy string-shM
on top of dish.

339 010 Cu. CIF 3  5 pslg 14.02 mg. ...... Heavy Heavy string-sha
on top of dish.

340 .010 Cu. CIF 3  5 pskg 14.02 mg. ...... None Heavy string-shaped
on top of dish.

341 010 Cu. CIF 3  5 psig 14.02 mg. ...... Heavy Heavy string-shaped
on top of dish.

342 010 Cu. CIF 3  5 psig 1.8 mg. . . . .. None No carbon or flor

343 .010 Cu. CIF 3  4 psig 1.8 mg . . . .. None No carbon or fluorid

344 .010 Cu. CIF 3  4 psig 1.8 mg . . . .. None No carbon or fluori

345 .010 Cu. CIF 3  4 psig 1.8 mg . . . ... None No carbon or fluor

346 .001 Monel CIF 3  4 psig 1.8 mg . . . ... None No carbon or fluori

347 .001 Monel C1F 3  4 psig 1.8 mg . . . ... None No carbon or floor

348 .001 Monel CIF 3  4 psig 1.8 mg . . . ... None No carbon or fluor,

349 .001 Monel CIF 3  4 psig 1.8 mg . . . ... None No carbon or fluo

350 .001 Monel CIF 3  4 pslg 1.8 mg ...... .... None No carbon or floor

351 .001 Monel CIF 3  5 psig 1.8 mg . . . ... None No carbon or floor

352 .001 Monel CIF 3  S paig 1.8 mg . . . ... None No carbon or floorid

353 .001 Monel CIF 3  7 psig 1.8 mg . . ... None No carbon or fhior

354 .001 Monel 25% CIF3 20 psi 1.8 mg. . . . . . None No carbon or floro
75% F2

(Continued)



to t he two previous 'u v *"i'.' "

1F3  5 psit, 1.1.0 m0. Moderatt. IHeavy string-shapedl carIon de.posit.
on top of dish, with ye-ilow ara; green
fluorides on hottom silde of dish.

IF3 5 psig 14.02 mg ...... .... Moderate Inside of test erll was completely white.

IF3 5 psig 14. 02 Mg ...... ... None No carbon or fluori,!es on dish.

'I F 3  5 psig 14.02 mg. H......leavy Heavy string-shaped carbon deposits
on top of dish.

' IF 3  5 psig 14.02 mg ......... Ileavy Heavy string-shaped carbon deposits
on top of dish.

'IF 3  9 psig 14.02 mg ...... .... leavy Heavy string-shaped carbon deposits
on top of dish.

IF 3  5 Phig 14. 02 mg ...... ... None Heavy string-shaped carbon deposits
on top of dish.

'IF 3  5 psig 14.02 mg ...... ... Heavy Heavy string-shaped carbon deposits
on top of dish.

"IF3  5 psig 14.02 mg...... None Heavy string-shaped carbon deposits
on top of dish.

IF 3  5 psig 14.02 mg ...... .... Heavy Heavy string-shaped carbon deposits
on top of dish.

IF 3  5 psig 1. 8 mg ........ None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg ...... .... None No carbon or fluoride on dish.

CIF3 4 psig 1.8 mg . ..... None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg...... .None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg. . ...... None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg ...... .... None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg ...... .... None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg ...... ... None No carbon or fluoride on dish.

CIF 3  4 psig 1.8 mg ...... ... None No carbon or fluoride on dish.

CIF 3  5 psig 1.8 mg ...... .... None No carbon or fluoride on dish.

I IF3 5 psg 1.8 Mg ...... None No carbon or fluoride on dish.

CIF 3  7 psig 1.8 mg . . . ... None No carbon or fluoride on dish.

CIF3 20 psi 1.8 mg. . . . . . None No carbon or fluoride on dish.
F2



TABLE III (Continue i)

PASSIVATION OF CONTAMINATED METAL SURFACES WITH FLUORINE. CIf3, am

Wt. of Wt. of
Ilexadeca'e Residue

Run Gas Before After Reactvinm
No. A]lly Used Press .r. Exjx.sure Exps' re Viollenc,

355 .001 Monel 25% CIF3 20 psi 1.8 mg ...... None Two carbon
75%, F2

356 .001 Monel 25% CIF3 20 psi 1.8 m; ...... None Spotted ca
75% F 2

357 .001 Monei 25% CIF 3 20 psi 1.8 mg ...... .... None No carbon o
75% F2

358 .001 Monel 25% CIF3 60 psi 1.8 mg ...... Moderate Dish disinte
75% F 2

359 .001 Monel 25% CIF3 60 psi 1.8 mg ...... Moderate No carbon o
715% F2

360 .001 Monel 25% CIF3 60 psi 1.8 mg ...... .... Moderate Dish 6isinte•
75% F 2

361 .001 Monel 25% CIF 3 60 psi 1.8 mg ...... Moderate Some white
75% F 2

362 .001 Brass 25% CIF 3 60 psi 1.8 mg. ...... None No carbon o
75% F 2

363 .001 Brass 25% CIF3 60 psi 1.8 mg ...... ..... None No carbon oI
75% F2

364 .001 Brass 25% CIF 3 60 psi 1.8 mg. . . . . . None No carbon o,
75% F 2

365 .001 Brass 25% CIF 3 60 psi 1.8 mg. . . . . . None No carbon o,
75% F 2

366 .005 Cu. 25% CIF 3 60 psi 1.8 mg. . . . . . None No carýn o
75% F2

367 .005 Cu. 25% CIF3 60 psi 1.8mg .M . . None No carbon ov
75% F 2

368 .005 Cu. 25% CeF3 60 psi 1. 8 mg. ..... None No citrko of
75% F 2

369 .005 Cu. 25% CIF 3  O0 psi 1.8 Mg. . . . . None No carbo• o
"75% F2

370 .002 Monel 25% CIF 3  O0 pu8 1.3 mg. 2. 9 mg. None No rbot -!
75% F2 Man MlR



TA III. E III (ComIt we I)

F CONTAMINATED METAL SURFACES WVTII FLUORINE, CIF 3 , and F2-CIF 3 MIXTURES

"Wt. of Wt. of
f I('xaidevIaleti |IC esidilu

Gais 11,forpr Aft,-r Reaction*
Used Pro'ss.. r Exlxswr , Exposire Violenc-, Remarks

'5T CIF3 Z0 Psi 1.8 mg ...... None Two carbon spots on d!sh.
5 (V F2

5(7 CIF 3 20 psi 1.8 Hnil,...... None Spotted carbon spots on dish.
5% F2

f C.F 3 20 psi 1.8 mg ...... None No carbon or fluorides on dish.rj(ý F"2

5'V CIF3 60 psi 1.8 mg ....... Moderate Dish disintegrated to a white powder.
5'Z F 2

5'" CIF3 60 psi 1.8 mg. Moderate No carbon or fluorides on dish.
5% F2

5% CIF3 60 psi 1. 8 Mg. ...... Moderate Dish disintegrated to a white powder.
15%F 2

5%T, CIF 3 60 psi 1.8 Mg. Moderate Some white spotted fluorides on dish.
5(1") F2

5% CIF 3 60 psi 1.8 mg ...... .... None No carbon or fluoride deposits on dish.
75, F2  Z

5% CIF 3 60 psi 1.8 mg ...... None No carbon or fluoride deposits on dish. -
57, F2

5% CIF 3 60 psi 1.8 mg. . . . . . None No carbon or fluoride deposits on dish.
5% F2

% CIF 3 60 psi 1. 8 mg...... None No carbon or fluoride deposits on dish.
.%F 2

5% CIF 3 60 psi 1.8 mg ...... None No car,')n or fluoride deposits on dish.
rF 2

% CIF3 60 psi 1.8 Mg. None No carbon or fluoride deposits on dish.
•%F2

% CIF3 60 psi 1. 8 mg. . . . . . None No carbon or fluoride deposits on dish.
r F2

% CIF 3 60 psi 1. 8 mg. . . . . . None No carbon or fluoride deposits on dish.
F2

% CIF 3 60 psi 1.3 mg. 2.9 mg. None No carbon or fluoride deposits on dish,
SF 2 vmxy film .

I% CIF3 60 psi 1. 2 mg. 4.2 mg. None No carbo'n nr flu•rete deposits on dish,
'-- a -. . = .. __ ......J.... | I _, .. . .. .j....... Z - . ..J--•



359; .,• 001,M,,.t 25%, ,IF 60i.; ps i 1.8• mlg.Mode~rate, iNo• car-on or

359 .001 Monel 25j, CIF 3 60 psi 1.8 rg. . ... . Moderate No carbon or If
'157, F 2

360 .001 Monel 25% CIF 3 60 psi 1.8 Mg. ...... Moderate Dish hisinteg_
75% F 2

361 .001 Monel 25%T CIF 3 60 psi 1.8 Mg..... . Moderate Some white sp
75% F 2

362 .001 Brass 25% CIF 3 60 psi 1.8 mg. None No carbon or ft
75% F2

363 .001 Brass 25% CIF 3 60 psi 1.8 mg. None No carbon or fl
75% F2

364 .001 Brass 25% C1F 3 60 psi 1.8 mg. . . . . None No carbon or fli

75% F2365 .001 Brass 25%CIF
3 60 psi 1.8 mg. 

None Nocarbonorfll366 .005 Cu. 25% CIF3 60 psi 1. 8 Mg . .. . .. None No car'-jn or 9,l
75% F 2

367 .005 Cu. 25% CIF3 60 psi 1.8 mg. None No carbon or ft
75% F 2

368 .005 Cu. 25% CIF 3 60 psi 1.8 mg ...... .... None No carben or flt,
75% F 2

369 .005 Cu. 25% CIF 3 60 psi 1.8 mg ...... None No carbon or 1i1
75% F 2

370 .062 Monel 25% CIF 3 60 psi 1.3 mg. 2.9 mg. None No carbon or flu
75% F 2  waxy film.

371 .062 Monel 25% CIF3 60 psi 1.2 mg. 4.2 mg. None No carvn- ,r 9La
75% F 2  waxy film.

372 .062 Monel 25% CIF 3 60 psi 1.3 mg. 2.6 Mg. None No cArbWn or flu
75% F 2  Aaxy film.

373 .062 Monel 25% CIF 3 60 psi 1.5 mg. 3.8 mg. None No carbon or flu(
75% F 2  VAxy film.

375 .062 Monei F 2  60 psi 1.7 mg. 0, 5 mg. None No carbon or flu
waxy film.

376 .062 Monel F 2  60 psi 1. 2 mg. 1.0 mg. None No carbon or flt

wauxy film.
377 .062 Monel F 2  60 psi 1.2 mg. 0.8 Mg. None No carbon or fht

uuxy film.

(Continued)

/,



S~el 25"', CIF:" 6;0 psi 1. H mg . . . Mmlerate No ca ri)n or fluorides on dish. L
75'7' F 2

,le ..l (IF"3 60 psi 1. 8 ng ...... Moderate Dish disintegrated to a white powder.
75`*, F2

lonl 25", CIF3 60 psi 1. 8 mg ...... Moderate Some white spotted fluorides on dish.
75% F"2

Iass 25', CIF 3 60 psi 1.8 nii .......... None No carbon or fluoride deposits on dish.
75', F 2

Irtss 25, CIF 3 60 psi 1.8 Hmg ...... None No carbon or fluoride deposits on dish.
757, F2

lrtss 25% CIF 3 60 psi 1.8 mg•...... .... None No carbon or fluoride deposits on dish.
75% F 2

B!rass 25% CIF 3 60 psi 1.8 Mg ...... ... None No carbon or fluoride deposits on dish.
75% F 2

Cu. 25%, CIF 3 60 psi 1.8 Mn. ...... None No carbon or fldoride deposits on dish.
75% F 2

Cu. 25T CIF3 60 psi 1.8 Mg. None No carbon or fluoride deposits on dish.
75( F 2

Cu. 257, CIF 3 60 psi 1.8 mg ...... .... None No carbon or fluoride deposits on dish.
75% F 2

Cu. 25T CIF 3 60 psi 1.8 mg ...... .... None No carbon or fluoride deposits on dish.
75% F 2

Monel 251 CIF 3 60 psi 1.3 mrg. 2.9 mg. None No carbon or fluoride deposits on dish,
75%, F 2  waxy film.

Monel 25% CIF3 60 psi 1.2 mg. 4.2 mg. None No carl)on )r !luari le deposits on dish.
75% F 2  waxy film.

Monel 25% CIF 3 60 psi 1.3 mg. 2.6 mg. None No carbon or fluoride deposits on dish,
75% F 2  waxy film.

Monel 25%1, CIF 3 60 psi 1. 5 mg. 3.8 mg. None No carbon or fluoride deposits on dish,
75% F 2  waxy film.

Monel F 2  G0 psi 1.7 mg. 0. 5 mg. None No carbon or fluoride deposits on dish,
waxy film.

Monel F2  60 psi 1.2 mg. 1.0 mg. None No carbon or fluoride deposits on dish,
waxy film.

2 Monel F2  60 psi 1. 2 mg. 0. 8 mg. None No carbon or fluoride deposits on dish,
waxy film.

.I

/•
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TABLE III (Continued)

PASSIVATION OF CONTAMINATED METAL SURFACES WITH FLUORINE, CIF 3 , and F

Wt. of Wt. of
Hexadecane Residue

Run Gas Before After Reaction*
No. Alloy Used Pressure Exposure Exposure Violence Re

378 .062 Monel F 2  60 psi 1. 3 mg. 1. 4 mg. None No carbon or fI'
waxy film.

379 062 Cu. F 2  60 psi 1.6 Mg. 3.9 mg. None No carbon or fI,
%%axy film.

380 062 Cu. F 2  60 psi 1.8 mg. 2.4 mg. None No carbon or fi
waxy film.

381 062 Cu. F 2  60 psi 1.8 mg. 2.8 mg. None No carbon or fI
wrxy film.

382 .062 Cu. F 2  60 psi 1. 3 mg. 2.9 mg. None No carbon or fi
wraxy film.

384 .062 Cu. 25% CIF 3 60 psi 1. 0 Mg. 2. 0 mg. None No carbon or f
75% F 2  waxy film.

385 062 Cu. 25% CIF 3 60 psi 0. 5 mg. 2. 6 mg. None No carbon or f
75% F 2  waxy film.

386 .062 Cu. 25% CIF 3 60 psi 0. 2 mg. 3. 1 mg. None No carbon or f
75% F 2  Waxy film.

387 062 Cu. 25% CIF 3 60 psi 1. 1 Mg. 4. 2 mg. None No carbon or f
75% F 2  waxy film.

$0392 062 Cu. 25% CIF 3 60 psi 0. 8 mg. 3.6 mg. None No carbon or f
+F2 oily liquid.

*0393 062 Cu. 25% CIF 3 60 psi 1.7 mg. 2. 5 mg. Moderate Carbon deposi
+F 2  liquid.

*'394 .062 Cu. 25% CIF 3 60 psi 1.6 Mg. 2.4 mg. Mooerate Carbon deposi
+F2 liquid.

4*395 062 Cu. 25% CIF 3 60 psi 1. 1 mg. 3. 5 mg. Moderate Carbon deposi
+F 2  liquid.

00396 100% Blank Ci4 . .. . . ... .

397 .062 Cu. 100% F 2  60 psi 1.6 mg. 3. 4 mg. None No carbon or
waxy solid.

398 .062 Cu. 100% F 2  60 psi 1. 6 mg. 4. 4 mg. None No carbon or
waxy solid. 10

399 .062 Cu. 100% F 2  60 psi 1. 6 Mg. 3. 7 mg, None No carbon or
mixy solid, 10

400 .062 Cu. 100% F 2 60 psi 1. 2 mg. 3. 6 mg. None No carbon or



TABL.E II(U ,I fItned)

OF CONTAMINATED METAL SIJIRFACES WITH FLUORINE, CIF 3 , and F2 -CIF 3 MIXTURES

Wt. of WI. of
lhexadecalic lh'Sidw.

(.a S l,fi r, After IRieat ion*
Used Pressur. E':.',su rv Exlosurv Violed•cle Remarks

F 2  60 psi 1. 3 mg. 1. 4 Mg. Nonw No carbon or fluoride deposits on dish.
vaxy film.

F 2  60 psi 1. 6 rmg. 3.9 mg. None No carbon or fluoride deposits on dish.
waxy film.

F 2  60 psi 1.8 mg. 2.4 mg. None No carbon or fluoride deposits on (fish,
waxy film.

F 2  60 psi 1. H mgi. 2. 8 mg. None No carbon or fluoride deposits on dish.
waxy film.

F 2  60 psi 1.3 rmg. 2.9 mg. None No carbon or fluoride deposits on dish.
waxy film.

25T C1F 3 60 psi 1. 0 mg. 2.0 mg. None No carbon or fluoride deposits on dish,
75% F 2  waxy film.

25% C17 3 60 psi 0. 5 Mg. 2. 6 mg. None No carbon or fluoride deposits on dish.
75% F 2  waxy film.

25% CIF 3 60 psi 0. 2 mg. 3. 1 mg. None No carbon or fluoride deposits on dish.
75% F 2  waxy film.

25% CIF 3 60 psi 1. 1 mg. 4. 2 mg. None No carbon or fluoride deposits on dish.
75% F2  WAXY film.

25T, CIF 3 60 psi 0. 8 mg. 3. 6 mg. None No carbon or fluoride deposits on dish.
+F2 oily liquid.

25% CIF 3 60 psi 1. 7 mg. 2. 5 mg. Moderate Carbon deposit on dish; spotted, oily 4
+ F2 liquid.

25% CIF 3 60 psi 1.6 Mg. 2.4 mg. Mooerate Carbon deposit on dish; spotted. oily
+F2 liquid.

25% CIF 3 60 psi 1. 1 mg. 3. 5 mg. Moderate Carbon deposit on dish; spotted, oily
+F 2  liquid.

4CI 4 ... . . . . . . . . . . . . . . ..

100% F 2  60 psi 1.6 mg. 3. 4 mg. None No carbon or fluoride deposit on dish,
waxy solid.

100% F 2  60 psi 1. 6 mg. 4. 4 mg. None No carbon or fluoride deposit on dish,
waxy solid.

100% F2  60 psi 1.6 mg. 3.7 mg. None No carbon or fluoride deposit on dish.

waxy solid.

100% F2  60 psi 1. 2 mg. 3. 6 mg, None No rarbon or fluoride deposit on dish.,
2I I I 11



I :j 1; U psi 1. 0 i) 2.0 i) g. N~ru. No cariZIoji or fluoridj(. ieloi)StN on rims!., AI -

2 I4r ,xy fi I M.

I•i,3 6;) psi 0. 5 In1g. 2.06 ig. None No 'a rhon or fluoride de'posits on dish.

F2 Waxy film.

'(IF3 (;0 psi 0. 2 mug. 3. 1 mg. None No carbon or fluoride deposits on dish.
!,2 Waxy film.

CIF31 60 psi I. I ng. 4.2 mit. None No carbon or fluoride deposits on dish,
F2 waxy film.

CIF 3 60 ps i  0. 8 rg. 3.6 mg. None No carbom or fluoride deposits on dish.

2 oily liquid.

C'F 3 60 ipsi 1. 7 rg. 2. 5 nm1. Moderate carbon deposit on disl; spotte.d, oily
"2 liquid.

CIF 3 60 psi 1. 6 mg. 2.4 mg. Moderate Carbon deposit on dish; spotted, oily

2 liquid.

CIF 3 60 psi 1. 1 nag. 3.5 rmg. Moderate Carbon deposit on dish; spotted. oily

2 liquid.

F 2  60 psi 1.6 mg. 3.4 mg. None No carbon or fluoride deposit on dish,
waxy solid.

F 2  60 psi 1.6 mg. 4.4 mg. None No carbon or fluoride deposit on dish,
waxy solid.

F 2  60 psi 1. 6 mg. 3. 7 mg. None No carbon or fluoride deposit on dish.
waxy solid.

F 2  60 psi 1. 2 mg. 3.6 mg. None No carbon or fluoride deposit on dish.
waxy solid.

CIF 3  8 psi 1. 3 mg. 3. 2 mg. None No carbon or fluoride deposit on dish.
oily liquid.

CIF 3  8 psi 1.5 mg. 3.7 mg. None No carbon or fluoride deposit on dish.
oily liquid.

CIF 3  8 psi 2. 0 mg. 3. 5 mg. None No carbon or fluoride deposit on dish.
oily liquid.

CIF 3  8 psi 1.9 Mg. 3.8 mg. None No carbon or fluoride deposit on dish.

oily liquid

**Hexadecane in Analysis

essure surge while adding gas to cell. Run #392 0. 3 mg.
psi pressure surge Run #393 0. 2 mg.
pressure surge Run #394 0. 2 mg.

Run #395 0. 2 mg.
Run #396 0. 2 mg.

3 1
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TABLE IV

SHORT TERM IMMERSION TESTS OF METAL SPECIMENS IN LIQUID CYLINDER

Exposure Original
Time Weights

Sa mple Alloy (mins.) (gms.)

655 Al 1100 15 2.3074 5

656 Al 1100 15 2.4113 0

690 Al 1100 15 2.3162 0

691 Al 1100 15 2. 3034 2

712 Al 1100 15 2.0689 3

713 Al 1100 15 2. 4202 3

653 Al 1100 75 2. 2731 4

654 Al 1100 75 2. 3424 0

710 Al 1100 75 2. 3657 1

711 Al 1100 75 2.3299 6

666 Al 2017 15 2.6916 7
667 Al 2017 15 2.7966 4
664 Al 2017 75 2.7624
665 Al 2017 75 2.8273
714 Al 2017 75 2.8224
715 Al 2017 75 2.7909 2
662 Al 5052 15 2. 3719 3
663 Al 5052 15 2. 3221
692 Al 5052 15 2.4936 3
693 Al 5052 15 2.4781 0
720 Al 5052 15 2. 5003
721 Al 5052 15 2.4972 0

660 Al 5052 75 2. 4649 1
661 Al 5052 75 2. 5082
718 Al 5052 75 2.4194
719 Al 5052 75 2. 4257
652 Al 6061 15 2.3051
657 Al 6061 15 2. 1508
658 Al 6061 75 2.3384
659 Al 6061 75 2. 1948
670 Al 7079 15 2.4807
671 Al 7079 15 2.5671
688 Al 7079 15 2.5911 9
689 Al 7079 15 2.6286 9
668 Al 7079 75 2.4598 8
669 Al 7079 75 2.6967 6
716 Al 7079 75 2.5888 7
717 Al 7079 75 2.5320 4
684 SS304 15 15.5228
685 58304 15 14.5951
672 88 304 75 15. 2750
673 88304 75 14.3820 2
702 3 304 75 14.8949

7 1517
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TABLE IV

)ER RM IMMERSION TESTS OF METAL SPECIMENS IN LIQUID CYLINDER FLUORINE

Exposure Original Weight
Time Weights Change

pie Alloy (mins.) (gins.) (Mg.)

5 Al 1100 15 2.3074 -. 2
6 Al 1100 15 2.4113 0
0 Al 1100 15 2.3162 -. 1
I Al 1100 15 2.3034 -. 1
2 Al 1100 15 2.0689 0
3 Al 1100 15 2.4202 0
3 Al 1100 75 2.2731 +.2
4 Al 1100 75 2.3424 4.6
0 Al 1100 75 2.3657 -. 2
1 Al 1100 75 2.3299 0
6 Al 2017 15 2.6916 1
7 Al 2017 15 2.7966 4.4
4 A 2017 75 2.7624 -. 1

A1 2017 75 2.8273 +. 1
Al 2017 75 2.8224 +.2

5 Al 2017 75 2.7909 ..1
2 Al 5052 15 2.3719 -. 4
3 Al 5052 15 2.3221 -. 1

Al 5052 15 2.4936 1. 14&
3 Al 5052 15 2.4781 -. 1
0 Al 5052 15 2.5003 1
1 Al 5052 15 2.4972 5.1

Al 5052 75 2. 4649 +.3
I Al 5052 75 2.5082 +.3

a Al 5052 75 2.4194 0
Al 5052 75 2. 4257 +.1
Al 6061 15 2.3051 -. 1
Al 6061 15 2.1508 0

8 Al 6061 75 2.3384 0
9 Al 6061 75 2.1948 4.1

Al 7079 15 2.4807 0
Al 7079 15 2.5671 +. 1
Al 7079 15 2.5911 -. 2

9 Al 7079 15 2.6286 0
8 Al 7079 75 2.4598 -. 1

Al 7079 75 2.6967 +.2
6 Al 7079 75 2.5888 -. 6
7 Al 7079 75 2.5320 0
4 SS304 15 15.5228 -. 1
5 55304 15 14.5951 0
2 SS304 75 15.2750 -. 3
3 SS304 75 14.3820 +.2
2SS 304 75 14.8949 +.1
3 SS304 75 15.1732 +.2



666 Al 2017 15 2.6916
667 Al 2017 15 2. 7966
664 Al 2017 75 2. 7624
665 Al 2017 75 2.8273
714 Al 2017 75 2.8224
715 Al 2017 75 2.7909
662 Al 5052 15 2. 3719
663 Al 5052 15 2.3221
692 Al 5052 15 2.4936
693 Al 5052 15 2. 4781
720 Al 5052 15 2.5003
721 Al 5052 15 2.4972
660 Al 5052 75 2. 4649
661 Al 5052 75 2.5082
718 Al 5052 75 2.4194
719 Al 5052 75 2.4257
652 Al 6061 15 2.3051
657 Al 6061 15 2.1508
658 Al 6061 75 2. 3384
659 Al 6061 75 2. 1948
670 Al 7079 15 2. 4807
671 Al 7079 15 2. 5671
688 Al 7079 15 2.5911
689 Al 7079 15 2. 6286
668 Al 7079 75 2. 4598
669 Al 7079 75 2.6967
716 Al 7079 75 2. 5888
717 Al 7079 75 2. 5320
684 SS304 15 15.5228
685 SS304 15 14.5951
672 SS 304 75 15. 2750
673 SS 304 75 14.3820 .
702 SS304 75 14.8949
703 SS 304 75 15. 1732
680 SS 316 15 16.0333
681 SS316 15 16.7154
678 SS 316 75 15. 6023
679 SS 316 75 17.7163 -
704 SS316 75 19.0055
705 SS316 75 18.1909
682 58347 15 13.4750 -
683 SB 347 15 13.3431 -.
674 SS347 75 14.2175
675 S8 347 75 14.6835 -.
686 SS420 15 14.0845 4.
687 SB 420 15 13.,5779 -.
706 S 420 15 14.3415 -.
707 SS420 15 13.9555 -,
676 SB 420 75 13.9185
677 SS 420 75 13.7174
700 Copper 15 8.9397 -.
701 Copper 15 8.8082
698 Copper 75 9.0881
699 Copper 75 8.5638
694 Cartridge Brass 75 7,4784
695 Cartridge Brass 75 7.4907
696 Cartridge Bass 15 7.2524
697 Cartridge Brass 15 1.3131



A• Nc~ nne MN crnrhn nr_ fluoride oil dish-
I ,)2. 9 6 1.1

A1 2017 15 2.7966 4.4
Al 2017 75 2.7624 -. 1
Al 2017 75 2.8273 4.1
Al 2017 75 2.8224 4.2
Al 2017 75 2.7909 +. 1
Al 5052 15 2.3719 -.4
Al 5052 15 2.3221 -.1
Al 5052 15 2.4936 -.1
Al 5052 15 2. 4781 -.1
Al 5052 15 2. 5003 4. 1
Al 5052 15 2. 4972 +. I
Al 5052 75 2. 4649 +.3
Al 5052 75 2. 5082 +.3
Al 5052 75 2. 4194 0
Al 5052 75 2.4257 +. 1
Al 6061 15 2.3051 -. 1
Al 6061 15 2.1508 0
Al 6061 75 2. 3384 0
Al 6061 75 2. 1948 +. I
Al 7079 15 2.4807 0
Al 7079 15 2.5671 4.1

+ Al 7079 15 2.5911 -. 2
_ Al 7079 15 2. 6286 0

Al 7079 75 2. 4598 -. 1
_ Al 7079 75 2.6967 +.2
+ Al 7079 75 2.5888 -. 6

SAl 7079 75 2.5320 0
SS 304 15 15.5228 -. 1
SS 304 15 14.5951 0
SS 304 75 15. 2750 -. 3

. SS 304 75 14.3820 +.2
+ SS 304 75 14.8949 +.1

+ SS 304 75 15. 1732 +.2
. SS 316 15 16.0333 0

SS 316 15 16.7154 0
SS 316 75 15.6023 5
SS 316 75 17.7163 -. 8

_ SS 316 75 19.0055 0
SS 316 75 18. 1909 0
SS 347 15 13.4750 -. 8

- SS 347 15 13.3431 -.8
_ SS 347 75 14.2175 1
. SS 347 75 11.6835 .2
_ SS 420 15 14.0845 +.5
+ SS 420 15 13.5779 .1

. SS 420 15 14.3415 -. 3

- SS 420 15 13.9555 -. 1

. SS 420 75 13.9185 0

SS 420 75 13. 7174 0

Copper 15 8.9397 -. 1

Copper 15 8.8082 0

Copper 75 9.0681 +.3

4. Copper 75 8. 5638 0

Cartridge Brass 75 .7. 4784 -. 1
Cartridge Brass 75 7. 4907 -. 1

Cartridge Brass 15 7.2524 -. 1

Cartridge Brass 15 7.3131 0
_5
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TAB3[E V

CORROSION OF METAL SAMP'LES IN LIQUID FLUORINE CONTAMINATED WITH

i.FErposure Original Final W

Sample Time Weights Weights Chi

Number (mins.) Alloy (gins.) (gins.) (

722 75 Al 1100 2.0456 2.0453 -0

723 75 Al 1100 2. 0187 2.0186 -0 '

724 75 Al 1100 2. 2056 2. 2056 0 ~

725 75 Al 1100 2. 0331 2. 0330 -0
726 15 Al 1100 119811 1.9810 -o

727 15 Al 1100 2.1019 2. 1016 -0

728 15 Al 1100 2. 1322 2. 1322 0

'729 15 Al 1100 2. 0516 2. 0515 -0

730 75 Al 6061 2.2730 2.2729 -0

731 75 Al 6061 2.2058 2.2059 &

732 75 At 6061 2.1143 2.1141 -0

733 75 Al 6061 2. 1978 2. 1977 -0

734 15 Al 6061 2.3081 2.3083 40

'735 15 Al 6061 2.1238 2.1239 -

736 15 Al 6061 2. 2031 2. 2032 .40

737 15 Al1 6061 2. 0605 2.0605 0

738 75 Al1 5052 1.9011 1.9010 -0

739 75 Al1 5052 2. 0357 2. 0363 4&0

740 75 Al1 5052 1.8868 1.8865 -0

741 75 Al1 5052 1.9023 1.9017 -0

742 15 Al1 5052 2. 0676 2. 0674 -0

743 15 Al1 5052 2. 0010 2.0008 -0

744 15 Al1 5052 i. 9500 1.9499 -0

745 15 Al1 5052 2. 0425 2. 0423 -0

746 75 Al1 2017 2.6273 2. 6272 -0

747 75 Al1 2017 2.7278 2. 7277 -0

748 75 Al1 2017 2. 7966 2. 7963 -0

749 75 Al1 2017 2. 8717 2,8716 -0

750* 15 Al1 2017 2.7598 2.7585 -1

751* 15 Al1 2017 2. 7936 2. 7926 -

752* 15 Al1 2017 2.8255 2. 8244 -

753* 15 Al1 2017 2.6892 2.6886 -0

754* See Note"* Al 7079 2. 7593 2. 7584 -0

755* See Note"* Al 7079 2. 6860 2. 6851 -0

756* See Note"* Al 7079 2. 6921 2. 6916 -0

757* See Note" Al 7079 2.4778 2.4773 -0

Notes: The last eight samples were weighed 1 1/2 weeks after the ee.
test.

Explosion occurred in sample cell after 30 minutes. Sample 7.
Sample Ta slight reaWtWon.



TABLE V
NTH

N OF METAL SAMPLES IN LIQUID FLUORINE CONTAMINATED WITH 1.0% OF 2

Ch &posure Original Final Weight
_ pie Time Weights Weights Change
ber (mins.) Alloy (gins,) (.i,) (a

-0 2 75 Al 1100 2.0456 2.0453 -0.3
0 3 75 Al 1100 2.0187 2.0186 -0.11

-0 4 75 Al 1100 2, 2056 2.2056 0.
-0 5 75 Al 1100 2.0331 2.0330 -0,1
-0 6 15 Al 1100 1.9811 1.9810 -0.1
o 7 .15 Al 1100 2. 1019 2.1016 -0.3

-0 8 i5 Al 1100 2. 1322 2.1322 0
-0 9 15 Al 1100 2.0516 2. 0515 -0. 1
+0 0 75 Al 6061 2.2730 2,2729 -0,1
-0 1 75 Al 6061 2.2058 2.2059 40.1
-0 2 75 A1 6061 2.1143 2,1141 -0.2 ,
+0 3 75 A1 6061 2.1978 2.1977 -0,1
0 34 15 Al 6061 2,3081 2,3083 .0.2

+0 35 15 Al 606I 2.1238 2.1239 40.1

0 36 15 Al 6061 2.2031 2,2032 +0.1
- 37 15 Al 6061 2.0605 2.0605 0
+0 38 75 Al 5052 1.9011 1.9010 -0.1
-0 39 75 Al 5052 2.0357 2,036.3 +0.6
-0 40 75 Al 5052 1,8868 1.8865 -0.3

41 75 Al 5052 1.9023 1.9017 -0.6
-0 42 15 Al 5052 ., 0676 2.0674 - -0,2
-0 43 15 Al 50,52 2.0010 2.0008 -0 2
-0 4 15 Al 5052 1.9510 1,9499
-0 5 15 Al 5052 2.0425. :2,0423 -0.2

~ ~ ~ 5Al 2017 2.6273 2 627.2, -0. 1
47 75 Al 2017 2.7278. 2,2?277: ,0, 1 .
S 478 75 Al 2017 2. 796 `,7963-1 49 75 A!2017 2.8706 :. 2,16 -0.-
•51 15 Al 2017 2,9 2.871-6,

. .. . •F01 -2 5• 7

-52# 15 Al 2017 L.8'$S 2,9-24 LAM
-53" 15 Al 2017 '682 2.6806 60.8

50 See Note** At 7010 2.1153 2,1i4 -50 9 4
T755 SeeNt Al N70 2.6860 2,6851 , ,9
,0 75 S" Note** A "'79 2.6921 2,6916 -0,5

S51' See Note" Al 7079 2.4718 2. 4'73 -0.5

Note.: * The list eight SAMp106 were weighed 1 1/2 *weeks after the expoaure
teSt.Ep7•

o Explosion occurred Wi tazanple cell after 30 Milnutes. Sample ?750



4-~4 zuu ~ , I~Z - 2.1322
.729 15 Al 1100 2,0516 2.0515
730 75 Al 6061 2.2730 2.2729

., 731 75 Al 6061 2.2058 2,2059
732 75 Al 6061 2.1143 2,1141
733 75 Al 6061 2.1978 2.1977
734 15 Al 6061 2.3081 2.3083
735 15 Al 6061 2.1238 2.1239
736 15 Al 6061 2. 2031 2. 2032
737 15 Al 6061 2.0605 2.0605
738 75 Al 5052 1. 9011 1.9010
739 75 Al 5052 2.0357 2. 0363
740 75 Al 5052 1.8868 1.8865
741 75 Al 5052 1.9023 1.9017
742 15 Al 5052 2. 0676 2. 0674
743 15 A1 5052 2.0010 2.0008
744 15 A1 5052 1.9500 1.9499
745 15 Al 5052 2. 0425 2. 0423
746 75 A1 2017 2. 6273 2. 6272
747 75 A. 2017 2. 7278 2. 7277
748 75 Al 2017 2.7966 2.7963
749 75 A) 2017 2. 8717 2,8716
750* 15 A1 2017 2. 7598 2. 7585
751* 15 Al 2017 2.7936 2.7926
752* 15 Al 2017 2.8255 2.8244
753* 15 Al 2017 2.6892 2. 6886
754* See Note** A! 7079 2.7593 2.7584
755* See Note* Al 7079 2.6860 2.6851
756* See Note** Al 7079 2.6921 2.6916
757* See Note"* Al 7079 2.4778 2.4773

Notes: * The last eight samples were weighed 1 1/2 weeks after the
test.

/** Explosion occurred in sample cell after 30 minutes. Samir
showed a slight reaction.

758 15 Al 7079 3,0240 3.0245
759 75 Al 7079 2.9•80 2.9982

760 75 At 707# 2,9847 2.9848
7681 75 Al 7079 2.9957 2.9956
762 15 Al 7079 2.4843 2.4842
763 15 Al 7079 2.5829 2.5823
764 i5 Al 7079 2.4579 2.4573
765 15 AI 7079 2.5659 2.5655
768 75 SS304 13.4790 13.4789
767 75 $8304 13.8023 13.8022
768 75. SS304 14.2583 14.2581
769 i5 S8304 14.8753 1487S3

.4.770 1i S8304 1427416 14.7418
.771 i5 SS 304 14.9058 14.9059
"772 15 $8304, 13.8328 13.8329
773 i5 S8304. 14.1542 14.1543
T74 75 $s316 13 520 13. 204
-7T5 75 $316 13.0103 13.009
M7 15 88 31 13.16680 13.8581
M7 75 S-310 .14.0162 14.9168

-..........



75 A1 6061 2. 2730 2.2729 -0.1
75 A1 6061 2.2058 2.2059 +0.1
75 A1 6061 2.1143 2,1141 -0.2
75 A1 6061 2.1978 2.1977 -0,1
15 A1 6061 2.3081 2.3083 +0,2
15 A1 6061 2.1238 2.1239 +0,1
15 A1 6061 2.2031 2.2032 +0.1
15 Al 6061 2. 0605 2.0605 0
75 Al 5052 1.9011 1.9010 -0.1
75 Al 5052 2.0357 2.0363 +0.6
75 Al 5052 1.8868 1.8865 -0.3

1 75 Al 5052 1.9023 1.9017 -0.6
2 15 A1 5052 2.0676 2. 0674 -0.2
3 15 A1 5052 2. 0010 2.0008 -0.2
4 15 A1 5052 1.9500 1.9499 -0.1
5 15 Al 5052 2.0425 2.0423 -0.2
6 75 Al 2017 2.6273 2.6272 -0.1
7 75 Al 2017 2,7278 2.7277 -0.1
8 75 Al 2017 2. 7966 2.7963 -0.3
9 75 Al 2017 2.8717 2,8716 -0.1
0* 15 Al 2017 2.7598 2.7585 -1.3
l* 15 Al 2017 2.7936 2.7926 -1.0
2' 15 Al 2017 2.8255 2.8244 -1.1
P3 15 Al 2017 2.6892 2.6886 -0.6
4• See Note" Al 7079 2.7593 2.7584 -0.9
5' See Note" Al 7079 2.6860 2.6851 -0.9
6' See Note" Al 7079 2.6921 2.6916 -0.5
7* See Note" Al 7079 2.4778 2.4773 -0.5

otes: The last eight samples were weighed 1 1/2 weeks after the exposure
test.

** Explosion occurred in sample cell after 30 minutes. Sample 756
showed a slight reaction.

51 15 A 1 7079 3.0240 3.0245 +0.5
59 75 Al 7079 2.9980 2.9982 +0.2
60 75 Al 7079 2.9847 2.9848 +0.1
61 75 Al 7079 2.9957 2.9956 -0.1
62 15 A 17079 2.4843 2.4842 -0.1
63 15 AI 7079 2,5828 2.5823 -0.5
64 15 Al 7079 2.4579 2.4573 -0.6

5 15 At 7079 2.5659 2.5655 -0.4
6 75 SS304 13.4790 13.4789 -0.1

87 75 SS304 13,8023 13.8022 -0.1
68 15 S8 304 14.2583 14.2581 -0.2
69 75 8S304 14.8753 14.8753 0

770 is SS304 14.7416 14.7418 *0.2
71 15 S8304 14.9058 14.9059 40.1
72 15 SS304 13.8328 13.8329 +0.1
73 15 SS304 14.1542 14.1543 +0.1

774 75 $8316 13.5268 13.5264 +0.4
75 75 S8316 13.0103 13.0099 -0.4

776 75 85316 13.8580 13.8-581 40.1
777 75 S8316 14.9162 14.9168 40.4

3$
I•



TABILE V (Continued)

CORROSION OF METAL SAMPLES IN LIQUID FLUORINE CONTAMLNATED WITH 1. 0% OF2

Exposure Original Final Weight
Sample Time Weights Weights Change
Number (mins.) Alloy (igs.) (gms.) (mg.)

778 15 S8316 14.2930 14.2932 +0.2
779 15 58316 14.4870 14.4871 +0.1
780 15 SS316 13.7539 13.7536 -0.3
781 15 SS316 14.2764 14,2765 +0.1
782 75 SS347 13.4460 13.4459 -0.1
783 75 SS 347 13.1328 13.1325 -0.3
784 75 S5S347 13. 1461 13. 1458 -0.3
785 75 SS347 12.5850 12.5848 -0.2
786 15 5S 347 14.0841 14.0838 -0.3
787 15 SS347 13.1410 13.1419 +0.9
788 15 SS347 13.0368 13.0368 0
789 15 SS 347 13.5973 13.5965 -0.8
790 75 SS 420 12.4321 12.4328 +0.7
791 75 SS 420 13.7836 13.7842 +0.6
792 75 SS 420 13.0705 13.0713 40.8
793 75 SS 420 13.2577 13.2561 -1.6
794 15 SS420 13.1820 13.1828 40.8
795 15 SS 420 13.0607 13.0610 +0.3
796 15 SS8420 13.4896 13.4902 40.6
798 75 Cartridge Brass 7.4749 7.4751 *0.2
799 75 Cartridge Brass 7.4866 7.4868 40.2
800 75 Cartridge Brass 7.2449 7.2447 -0. 2
801 75 Cartridge Brass 7.3088 7.3088 0
802 15 Cartridge Brass 7c3150 7.3158 +0.8
803 15 Cartridge BrAss 7.3383 7.3392 .0.9
804 15 Cartridge Brass 7.3731 7.3738 40.7
805 15 Cartridge Brass 7.1715 7.1721 +0.6
806 75 Copper 5.8939 5.8935 -0.4
807 75 Copper 5.9902 5.9908 ,0.6
808 75 Copper 6. 1970 6.1971 40.1
809 75 Copper 5.6428 5.6431 .0.5
810 15 Cotper 6.2655 6.2663 .0.8
811 15 Copper 5.8575 5.8583 .0.8
812 15 Copper 5.4876 5.4682 *0. 6
,813 A Cafopr 8.6172 5.67468 0.9
854 i5 Nickel 16.0574 16.0575 -0. 1
855 75 Nickel 19. 1t8 19.1640 *0.2
856 i5 Nickel 19. 8601 16.8294 ,0.3
851 75 Nickel 19.58"3 19.5873 0
858 15 Nickel 19.5418 19.5417 -0. 1
859 15 Nickel 15.4427 15.4429 .0.2
860 i5 Nickel 18.8230 18.8233 +0.3
81 15 Nickel 17.9w 17.9967 -0.1

SI- W-- W-71 344



TABLE VI

CORROSION OF METAL SPECIMENS IN LIQUID Fl UORINE CONTAMINATED WITH 10% OF 2

Exposure Original Final Weight

Sample Time Weights Weights Change

Number (mins.) Alloy (gins.) -(ms.) (J L

814 75 Ai 6061 2.1593 2.1593 0

815 75 Al 6061 1.9998 1.9997 -0.1

816 75 Al 6061 2.1955 2.1954 -0.1

817 75 Al 6061 2.1750 2.1749 -0.1

818 15 Al 6061 2.0487 2.0485 -0,2

819 is Al 6061 2.0200 2.0199 -0.1

820 15 Al 6061 2.0242 2.0241 -0.1

821 15 Al 6061 2.0646 2.0644 -0.2

822 75 Copper 6.5514 6.5525 a1.1

823 75 Copper 6.7172 6.7182 41.0

824 75 Copper 5.8251 5.8261 41.0

825 75 Copper 6.3102 6.3108 +0.6

826 15 Copper 6.2154 6.2161 +0.7

827 15 Copper 6.1841 6.1849 +0.8

828 15 Copper 6.7667 6.7685 41.8

829 15 Copper 6.3422 6.3426 +0.4

8300 75 Al 6061 2.1584 2.1594 +1.0

8310 75 Al 6061 1.9977 1.9994 .1.7

8320 75 Al 6061 2.1942 2.1975 +3.3

8330 75 Al 6061 2.1739 2.1759 42.0

834' 15 Al 6061 2.0477 2.0479 *0.2

8355 15 Al 6061 2,0188 2.0189 40.1

8360 15 Al 6061 2.0234 2.0236 -0.2

837' 15 Al 6061 2.0636 2.0635 -0.1

838 15 SS 304 13.4808 13.4810 ,0.2

839 15 SS 304 13.8048 13.8050 .0.2

840 15 SS304 14.2599 14.2605 ,0.6

841 15 SS 304 14.8782 14.8777 -0.5

842 75 SS 304 14.7346 14.7349 .0.3

843 75 SS 304 14.9080 14.9081 .0.1

844 75 SS 304 13.8347 13.8348 60.1

845 75 SS304 14.1560 14.1560 0

846 15 Cartridge Brass 7. 2713 7.2117 0. 4

847 15 Cartridge Brass 7.4773 7.4711 .0.4

848 15 Cartridge Brass 7.2389 7.2392 *0.3

849 15 Cartridge Brass 7.3021 7.3026 .0.5

850 75 Cartridge Bras. . 2990 7.2991 .0.1

851 75 Cartrido Bra"s 7.3180 7.3181 .0, 1

852 75 Cartridgee Bre 7.3573 7.5576 ,0.3

853 75 Carrtrdgp Brwa 7.1541 7.1542 .0.1

*A recheck ms run oa tOw AluvW1Adtn 0 samale..

%1

• :F : ."•- :- ,: 7 •,.• •••• -.-'..--••'~ m'••'-•.•-•• F''' " ' ... ' ' . ... .
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TABLE VII

COMPARISON OF AVERAGE WEIGHT CHANGE OF METAL SAMPLES EXPOSED TO LIQUID
CYLINDER FLUORINE AND LIQUID, FLUORINE CONTAMINATED WITH 0F2

Average Weight Change - Mg

15 Minute Exposure 75 Minute ENxmsure

In Cylinder In Fluorine In Fluorine In Cylinder In Fluorine In Fluorine

Alloy Fluorine and 1% OF 2 and 10% OF2 Fluorine and 1% OF 2  and 10% OF 2

*Aluminum 1100 -0.067 -0.125 --- - +0.150 -0. 125 ---

Aluminum 2017 +0.250 -1.000 + - 0.075 -0. 150 ----

Aluminum 5052 -0,083 -0. 175 - -- - .0. 175 -0. 100 ---

*Aluminum 6061 -0.050 +0.100 -0. 150 .0.050 -0. 075 -0.075
*0. 1000 '620000

Aluminum 7079 -0.025 -0.400 - -- 0. 125 .0. 175 ---

S304 S. S. -0.050 *0. 125 .0. 1-25 .0. 050 -0. 100 .0. 125
316S.S. 0.000 .0. 025 - - -- -0.075 .0. 175 --

3478.S. -0.800 -0.050 -- -0.150 -0.225 - -- -

4208.8. 0.000 -0.567 -- 0.000 40.125- -

Cowpr -0.050 0.775 :0.9-25- .0.1510 .0.200 .0.925
Cartridge Bra"s -0.050 0.750 .4.400 -0.100 .0.050 40. 150

ODuplicate Run

_771



TADB.,E

SUMMARY OF FILM THICKNESS MEAý

Initial F2W.eight Pressure inRun Mte'al Sample Temp, Contact with ThicknessNo. Powder (gin.) "FSample (nmmig abs) After 1 hr, At'

16 Nickel 119.63 86 496 9.117 Copper 61.42 86 485 7.718 Nickel 133.39 86 512 10.319 Mionel 126.79 86 516 19.320 Brass 130.10 86 517 3.2721 Copper 68.18 86 494 4.5622 Aluminum 36.53 86 533 4.223 Monel 137.03 86 541 9.024 Brass 83.99 86 505 5.752,1i Titanium 50.46 86 538 - - -
ne2F, 316 S.S. 111.7 86 535 5.0

IF2

27 347S.S. 103.4 86 533 5.4

28 304S.S. 100.3 86 500 8.0

29 Monet 111,8 -113 690 6.7

-30 trA~s. 102.8 -113 698 31

.31 Mil98.31 +183 498 8.9

1 97



TABLE VIII

EAS KNESS MEASURIIEMENTS ON METAL POWDERS

T less Thickness End of Length of Sensitivity Residual Gas
1 hr. After 2. 5 hr. Run Run (hrs..) A Analysis Remarks

1 9.7 12.42 24.2 0.2

7 9.4 23.0 95.0 0.2
3 11.1 14.8 23.4 0.1
3 10.2 29.8 71.6 0.3

27 3.37 9.98 46.7 0.1
56 5.5 19.62 94.0 0.1
2 5.0 13.9 91.1 0.3
0 9.9 10.87 24.5 0.4
75 6.24 10.62 67.3 0.2

0 5.8 16.7 22.0 0.2 Powder caked on
sides of cell. Powder found in
coil used to increase system vol-
ume. Reaction increased after
overnight exposure.

4 6.6 11.4 18.8 0.4 Ollve and orange

fluoride in cell nozzle. Powder
removed and recharged. Reaction

8 0 8.8 14.4 22.1 0.3 Powder removed

4nd recharged. Reaction occurred.

7 8.8 167.0 27.9 0.6 Note large filmi

after overnight exposure.

3.4 6.8 2#.7 0.2 Powder removed
" and recharged. Reaction occurred.

9
9 9.91 44.6 14.8 0.5 7.7 fi F,0 also

CO2 , CF 4 ,
SIP4 andwu-
kno**.

Nicke and copper
fluorides in passivated p.wdter
*.3Ach v darker tian fresh pow-
der. Reaction increased alfter 68
bra. * Reacted during F 2
standardizatlon due to possible
leak. Analysis of gas after F2
StAndatit HF, C02, SiF4.



TABLE VIII (Conti

SUMMARY OF FILM THICKNESS MEASURI

Initial F2
Weight Pressure in

Run Metal Sample Temp. Contact with Thickness Thic
No. Powder (gin.) "F Sample (mmHg abs) After I hr. After

40 Aluminum 28.26 -113 687 6.5 - .
41 410 S.S. 100.06 + 86 503 8.5 0.1
42 316 S.S. 84.22 -113 679 5.0 5.2,
43 304S.S. 91.93 -113 680 5.1 6.'
44 Nickel 106.30 .183 479 5.8 6.1
45 347S.S. 97.83 -113 686 13.0 14.1

I

46 3 16 S.S. 89.34 183 471 30.8 32.9

47 410S.S. 93A3 -113 686 22.1 24.3

48 304 S.S. 92.43 .183 474 12.0 16.8
49 Titanium 39,93 -113 656 76.6 77.0

i 50 Titanium 10.50 -113 624 5.6 5.9

t"I

4 111lj
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ABLE VIII (Continued)

KNESS MEASUREMENTS ON METAL POWDERS

RE

kness Thickness End of Length of Sensitivity Residual Gas
Mc r i hr.- After 2.5 hr. Run Run (hrs.) A Analysis Remarks
er A-

.5 - - - 163 118.0 0.6 No HF

.5 10.5 63.8 71.0 0.7 8.5% I HF
0.5 .0 5.2 8.6 21.3 0.4 2.31, HF
5.2 -1 6.1 44.0 25.6 0.5 1. 11T, HF
6.1 8 6.1 8.1 21.0 0.1 21.9% HF
6. 0 14.1 40.6 28.2 0.6 0.6% IIF After F2
4.1 standardization,

the test cell was purged and evacu-
ated for 1 1/2 hrs. When opened
the cell contained a golden fluore-
scent vapor which illuminated the
interior of the cell when a light
was shined in. This vapor dia-
appeared as the atmosphere con-
tacted it. The vapor had no odor.
The powdetr had a yellow-green
film when removed but this dis-
appeared as the atmusphere con-
Utcted it.

8 32.9 35.4 97.8 0.2 HF-Nil. 1. 1% Run 4 days to
.9 CO 2 . 10 ppm check effect of

CF4 prolonged ex-
pasure.

24.3 25.9 25.2 1.2 0. 27I, ItF, 20
.3 ppm CF4

16.8 466b 24.4 0.2
77.0 77.1 5.4 0.2 One minute file

.0 of 74. 1 A indicated violent initial
reaction.

5.9 23.5 24.0 1.0 Repeat of prev-
101s run with smaller sample.

.........



TABLE VIII (Continued)

SUMMARY OF FILM THICKNESS MEASUREME-i'

InitiAl F2
Weight Pressure in

Run Metal Sample Temp Contact with Thickness ThicknessNo. Powder (gmi.) F Sample (mmndg abs) After I hr. After 2.5 h,

51 347S.S. 94.78 ,183 470 9.3 11.9

52 Nickel 93.65 -297 322 4.4 3.9

53 410S.S. 88.48 .183 470 29.3 43.0
54 MoelI 102.31 -297 323 0 0

55 BrAss 150.27 4183 487 1.9

57 Coptpr 56.47 .183 458 7.1 9.6

59 Aluminutu 33.02 .183 468 1.6

64 TiLiwaum 39.95 -297 302 System press•re droptmW

fr- af•, Ahs it' " nainutes tS00 -6 gm F2 (Nut%-Alent I
film)

*Lifaks possibly caused bY taPPIng SMmPe bomb during run to see if agltatior of the powder •u
4 tUpping. The effect of a teny leak is to reduce system pressure as water seeps into the systen

is consumed. Pressure Increases in the system when wate~r enters taster than HF rects w-th
found in the cell and IR analysis showing li present it, residual gas.



LE V111 (Continued)

'SS MEASUREMENTS ON METAL POWDERS

ss Thickness End of Length of Sensitivity Residual Gas
hr. After 2. 5 hr. Run Run (hrs.) A Analysis Remarks

11.9 27.8 30.4 0.3 15.21T HF teaks in IR Cell
discovered for

this run and several others where
residual gas composition is not
reported.

3.9 3.25 21.4 0.6 0.7% HF First run at
-297o F. Tech-

nique for runs at this temperature
was being developed. Pressure
began to increase after first hour
exposure.

43.0 90.7 24.5 0.6 12.99%, HF
0 0 6.5 2.0 6. 61 HF, No reaction

10 ppm CF4 detected.

2.6 3.46 23,1 0.1 29.2% HF,
traces CO2
and CF 4

9.6 23.0 24.7 0.14 19.2T HF, Passivated pow-
traces C02 der was purple
and CF4 and lumpy.

21.6 0.3 Pressure dropped
to a minimum in 101 minutes then
increased 15 mm in 15 hours.

im pressure dropped to 2 --- 0.5
abs in 7 minutes consuming

gm F2 (equivalent to 78. 7'A

n of the powder would increase reaction. In run 31, system pressure increased aOter such
eeps into the system and reacts with the fluorine to produce HF which attacks the powder and
than HF reacts with the powder. The leaks were confirmed by corrosion products being

4ft



TABLE IX

SUMMARY OF FILM THICKNESSES ON METAL POWDEI
TEMPERATURES AND TIMES OF EXPOSUI

+183'F +86 F

Film Thickness - X Total Film Thickness - X
End of Time End of

Metal 1 hr 2.5 hrs Run (hrs) I hr 2.5 hrs Run

Aluminum 1.6 1.7 -- 21.6 4 5 13.9

Brass 1.9 2.1 3.46 23.1 3.28 3.4 .0.0
(5.64)t

Copper 7.1 10.5 23.0 24.7 4.26 5.8 19.7
(7. 70)'

Monel

Nickel 5.8 6.1 8.11 21 9,02 11.1 15.8
(10. ;'3

304 Stainless Steel 12.0 16.8 46.8 24.4 8.0 8.8 14.35

316 Stainless Steel 30,8 32.9 35. 4 97. 8 5.0 5, 8 16.7

* 347 Stainless Steel 9.3 11.9 27,8 30.4 5.4 6,6 .11.35

410S, iiesstev 29.3 43.0 90.7 24.5 8.5 10.5 63.8

---- ---- --- --- - . .... .

"Duplicate Run.

' S~raple exploded on exix)sure to fluorane.

1Jlo
S'• .i~i101

4- I•:
.. !•-A ..

•*1.:.



IER TABLE IX

UF FILM THICKNESSES ON METAL POWDERS AT VARIOUS
TEMPERATURES AND TIMES OF EXPOSURE

3 "• +8 6 'F - 1 13 "F

n - Total Film Thickness - Total Film Thickness - Total
End of Time End of Time End of Time

9 Run (hrs) I hr 2. 5 hrs Run (hrs) I hr 2. 5 hrs Run (hrs)

0 -- 21.6 4 5 13.9 91 6.5 10.5 16.3 118

3.46 23.1 :3.28 3,4 10.0 47 3.1 3.4 6.81 26.7
(75 64)'

23.0 24,7 4.26 5.8 19,7 9P. 5 1.8 1.9 3.18 22.5
(7. 70)$

8.11I 21 9,02 1I, l 15.8 25 1.0 2 .3 11.8 25.0

46, 24.4 8.0 0,8 14.35 22.1 5.1 6.1 44. 0 26.5f

5 35.4 97.8 5.0 5.8 16.7 22.0 5.0 5.2 6.6 21-

27,8 30,,4 5. 4 11.. 35 18.6 13.0 14.1 40.6 28.2

90,7 4.5 W&5 63.8 71 22-1 24.3 25.9 25.2

-5.6 5.9 23.5 24.0

(•r.fA..

I .. -

-1• 1. -- . .. - - .. , .•



TABLE X

SUMMARY OF FILM THICKNESSES ON MONEL POWDER AT
VARIOUS TEMPERATURES AND TIMES OF EXPOSURE

Film Thicknews, A) Average
Run Temp. Run Time Formation
N~o. F' I hr 2 hr End Run -(hours) Rate, (A/hr,

19 86 9.0 9.9 29.8 71.3 0.417

23 86 9.0 9.9 11.2 24.1 0.469

29 -113 6.7 8.4 167 27.9 6.0

31, 183 8.9 9.2 31.0 68.25 0.452
44. 6* 74.75 0.6000

34 86 8.3 8.6 13.9 19.1 0.728

35 86 11.45 35.3 22.0 1.61

1786 3.1 3.8 a. 3 70 0.119

39 86 7.2 8.8 30.3 115 0,263

o1leactiwn 4uaft~ fwr stu4ardz&,Uoa dw. to poswille In~k,



TABLE X3

APPARENT REACTIONS OF METAL POWDERS AND GASEOUS FLUORINE A

Pressure Drop mmHg Apjmrent Film Th:

Run No. and Allo 15 Min. 30OMin. 60Min. 15 Mlin. 30-Mt~

52 - Nickel +20.5 +27.8 +27.8 + 6.67 .0.04
54 - Monel -12.0 -11.0 - 9.0 - 1.00 -0.92
50-316 S.S. + 7.5 + 9.5 4 7.0 + .4+3.73
58 -304 S.S.4 .10.0 +13.7 .14.0 + 5.34 +7,32
60-347S.S. + 1.0 +.2.6 -2.5 + 0.78 +2.03
61 - 410 S.S. +9.5 + 4.0 + 2.0 .12.91 +5.44
62 - Brass - 4.6 -0.6 - 1.8 - 7.21 -0.09
63 -Copper -0.5 0 0 -0.14 0
6b 6- Titaniura + 1.5 + 2.0 *2.0 *1.25 +1.67

C, 66 -Aluminum + 4.5 + .0 + 4.0 .2.84 +2.35

Method ot Catculation. (1) Plot nitrogen standards, fluorine standard, and reactiori
curves - system pressure vs. time of exposure.

(2) Read pressure difference from curves fluorine standat
fluorine reaction 1pressuire at 15. 30,, ad S0 minute tlimi

(3) Calculate filmi thieknewa -F g - ' (see teat).

...... ----- No Qwarine stndrd me ftkeu. Nitropeu staand'w as used to got A P.



TABLE XI

'ARENT REACTIONS OF METAL POWDERS AND GASEOUS FLUORINE AT -297* F

Pressure Drop mm/lg Apparent Film Thickness - A

o11 15 Min. 30 Min. 60 Min. 15 Min. 30 Min. 60 Min.

+20.5 +27.8 +27.8 + 6.67 +9.04 +9.04
S-12.0 -11.0 - 9.0 - 1.00 -0.92 -0.75S. + 7.5 + 9.5 + 7.0 + 2.94 +3.73 +2.75

Thic S.0 +10.0 .13.7 +14.0 + 5.34 +7.32 +7.46
S. + 1.0 + 2.6 - 2.5 * 0.78 +2.03 -1.95

M . S. + 9.5 + 4.0 + 2.0 .12.91 .5.44 +2.72
- 4.6 - 0.6 - 1.8 - 7.21 -0.09 -0.28

04 r - 0.5 0 0 - 0.14 0 0

.92 um u 1.5 * 2.0 + 2.0 + 1.25 +1.67 +1.67

.73 um + 4.5 + 4.0 + 4.0 + 2.64 +2.35 +2.35

.32
.03

044 alculation: (1) Plot nitrogen standards, fluorine standard, and reaction of fluorinecurves - system pressure vs. time of exposure.

.67 (2) Read pressure difference from curves: fluorine standard pressure -
fluorine reaction pressure at 15, 30, and 60 minute times.

(3) Calculate film thickness.: d = F VT.&P (see text).
~ TW,

e stdard was taken. Nitrogen standaid was used to get A P.

dird
lImes.
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1 / TAB3LE X11

CORROSION OF METAL SPECIMENS IMMERSED IN LIQUID FLUORINE FOR ONE I

A B C E
Sainpie Weight Wightt Sa mple Wo ig

S)ife renc(e Weight Diffp rei
Bs'ffre After Bef ore After Aftet

SamIII. p Ix|E(psu re E:xj isure C leaniiig caning Cleanil

Numlwr Mvcta I (ril) ,gin) (gin, B-A) (gin) (gin. D1

1 S.S. 304 18.6849 18. 6873 .0.0024 18. 685 -0. 0000•
2 18.5512 18.5540 .0.0028 18. 5486 -0. 002f
3 18. 7305 18.7298 -0.0007 18.7303 -0. 000"e
4 18.6154 18.69.10 .0.0056 18.6163 •0. O000:E
5 18.5245 18.5325 .0.0080 18.5267 .0.002'

S.S. 410 17.8507 17. 8298 -0.0209 17.8024 -0.048,
1h. 1199 18. 0981 -0.0218 18.0772 -0, 042

8 17. 891?. 17. 8766 -0. 0152 17.8676 -0.034,
9 17. 9080 17. 8905 -0. 0175 17. 8857 -0. 022:

10 18.0!9 i 18.0123 -0.0068 17. 9984 -0. 020'

11 15-7 M•n,'l 17.9713 17.9760 .0.0047 17.9721 -0. 00W
12 17.9272 17.9371 .0.0099 17.9266 -0.0004
13 18.1022 18.1104 .0.0082 17.1044 .0.002'
14 17.9481 17,9553 .0.0072 17.9510 •0. 002.
15 i7 908e 17.9144 -0.0056 17.9089 .0.0001

C (ppc 9. 5659 19. 5715 .0. 0056 19. 5632 -0, 002'
17 19. 7"531 19. 7639 .0. 0108 19, 7536 .0. 000!

, 19. 00; 19. 0379 .o. 0073 19.6298 -0, 000

t l. I 7K91 19. 7752 .0, 0o061 19. 7697 .0. 000f
2J 6 13, 6955 19. t0i 1 .0. 0046 1). 6938 -0. O01

21 Iw 1100 6. 03o 6. 3f,1 -0. 0314 C, 3442 -0, 048,
C. , 4349 . 41 06 -0. 0243 :6. 392' -0. 042:

) .;. '3277 1 e. 304t; -0. 0233 6. 2•7ii -0. 039i

*624 3. K0'•6 6, 3e,8 -0 01- 8 *;C 3-I -0. 031
.6.36T, .0. oI53 tA, 3514 -0.031

At 60; 1 M w*k .0. W 60 5. 9""3". 031
S27 '. , 1~ •5. 969*7 .o (1121 5. 9523 -, 029

2•. 02, 16 6. 01#1'3 .0. oo03 5. 9784 -0.043
21, 5. 9744 ,95Th 7. 01166 5,9411 -0 0 33

30 5. 9 193 S.8 .i84 -0.0209 5, 8660 -0. 033'

31 %k 20, 4919 20. 4952 .0. 0033 20. 48H4 -0. 003
32 2 .0 4 t 7 2). 4149 . 04m; 2 20. 4tk82 -0. two

33 24). 62O7 24). 62H .0. 0074 lo. 6221 -0. 001
34 20. 57401 ýo. %)994 .0, 0208 20. 5S23 .0. 003
35 20. 6101 0. 62.. .0.0105 20.6139 .0.003

36 Mite i 20. 5294 10. 536 .0. 00*42 20, 528; -0.001
3 20. 4504 20. 4604 .0 0104 20. 4504) -0.000
38 20. 4651 20. 4715 .0.04X;4 20.4616 -0.003
39 20.606}4 20.6157 0. 0093 20.6043 -0.004
40 20. H896 20. 01916 0, W.4420 20,6N62 -0. 0(W

77. .-. .. .... 11 •, ,, - .... .



( /P1 TA I3XII F.X[

E )RROSION OF METAL SPECIMENS IMMERSED IN LIQUID FLUORINE FOR ONE YEAR

.' t( ) , F

* rerif'Sdt n'Irhe WeWeighh t,'eghl S 1 l 'ht[)) f Wg 'iffert'rncf We ight Diffe rvi1et,t'fl, r1 1 After 1 0me Aftelor After Meta l
Vn Xr)w I n xpt st( re ( h'1aini• (7 leaning Cleaning Corrosion

1)-A \lt (gitn) Bg ml (r. B-A) (gm) (gpi, D-A) (mi.s., year)

)009 S 1 .f 1)026 . 304 18. 68 49 10. .73 0.0024 18. 6858 .0. 0009
02 . 7. 5512 18. 5540 .00, 028 l8, 5480i -0.0026 0.004440 18• 7305 18. 7 298 -0.0007 18. 7,3 03 -0.0002 0.0003

009 18, 6154 18.6210 .0.0056 18 . .6163 .0.0009
022 1. 5245 lo. 5325 .0.0080 18. 5267 .0.0022

4,3 4 .F3 410 17. 8507 17. H 298 -0. 0209 17.8024 -0.0483 0.0905342- 1. 1199 18.0981 -0.0218 18,0772 -0.0427 0.0802
342 49 1H091
223 17.891 s 17. 87466 - 0. 0152 17.1K676 -0,0342 0.0640
207 17. 9W, 0o 17, 8905 -o.0175 17.8857 -0.0223 0.0418

1. 0191 1h. 0123 4). 0068 17. 9984 -0.0207 0.0387
00H
006 7 ML,,,, 17.9713 17.9760 .0,0047 17.9721 .0.0008 ---
)022 17.49272 17,9371 -,0. 0099 17. 9266 .-0, 0006 0.0010
029 1m. 102(2 18. 1104 .0, 0082 17, 1044 .0.0022
001 17. 94N1 17. 9553 .0.0072 17, 9510 6.,0029 -

17, ýfOl88 17. 9144 .0. 0056 17,9089 .0.0001 -

027 19. 56.514 19. 5715 .0, 0056 19. 5032 -0.0027 0. 0044i00. 19.7531 19. 7639 .0.0108 19.7536 .0.0005
10 1 #. 1;306 19. 63 79 .0. 0073 19.629H -0. 0008 0.0013

0 19. 7f;9 19. 77 12 2 o. 006i1 119. 71697 • 0.000W see
19. *;i655 19,7001 .l0. 0046 19. 6938 -0. 0017 0.0028

04 H .8 3.3 0 3 , . it0.0314 6.3442 -0. 04H8 0.2638

43. 494, . 4 l(t' -0, 024: 6, 3927 -0.0422 0. 2272
0 1 f", 3277 6: 3!446 -0.0233 4i .7 0.:19i) 0.2155
0314 .i. :07.; 'i, 3766, .0. 01i8 6.3561 3V, 031 0. 1700

el. 6.,2• 6, 376 --0.I.53 f. 3514 -0.0314 0. 1698
031
0;o•,1 6 t. 5.9I2$ -0, 0191T) 5, I'773 -1), 03 1 0.1700

I4 1 W4 t67 -0, 0121 5,95?3 .,0015 0. 1594
033". 6.i. ;, 0103 -o. 0053 5.9 i714 -O. 0432 0.2321

5.9744 5. 957s -0. 016V 5,9411 -0. 03133 0. 1800
5. 91ti3 8. th 4 .0, 02109 5, 8i6O -0.0333 0.1800

0035
(100C % 20.4919 20W4952 0. 0033 20.4884 -0, 0031 0.0053
001 20, 4t(h-7 20. 4149 0. W2.. 20. 4U2 -0. 0 (K) 0.0093
003 2 20. 6q207 20). 6281 0,. 0074 ,20.6. 221 .0,0014
0031i 2.57!1 20), 5999 .0. 0201 0. 5823 .-0. 0032

410.6101 20.6206 .0.40105 ?0.6f139 .i.003.

0)004 m 20. 5294 20, 5340#6-0 . 11 0472 20.52,44 -0.0010 0.0017
0)3 5 20. 4504 20. 4604 .0.0100 20. 4500 -4i. 0004 0.0007
0021 20. 461 20. 47115 .001),4,0. 4616 -0. 0035 0. 0058

20, 6 (W4 20.6157, 0.0093 20.6043 -0.0021 0.0035
20. 6,49 20. 6A91 I0 r t. 0020 20. 10;2 -0. t0316 O. 0000wwV -



, .. ,. • • I ' 7. 40T) -I * I. U II

1 1 9. (;'01 19. 6379 .0.0073 19.6298 -0.00
19 19. 769 1 19. 7752 .0. 0061 19. 7697 .0.00
2() 19. 6955 19. 7001 , 0. 0046 19. 6938 -0. 00

21 A 1 100) t;. 3930 6. 3616 -0. 0314 6.3442 -0.04
22 6. 43,19 6. 4106 -0. 0243 6.3927 -0.04

23 Cs. 3277 6. 3046 -0, 0233 6. 2878 .-0, 03
2.1 6. 3M76 6, 36hH -0. 0188 6. 3561 -0.03
2 l 6.382H 6. 3675 -0.0153 6. 3514 -0.03

2 ; Al 6061 6; 008•8 5, 992H -0. 0160 5. 9773 -0.03
2? 5.818 5. 9697 -0.0121 5. 9523 -0.02'
26, (", 1216f; 6. M163 -0. 0053 5. 97,4 -0. 04.
29 5. 9744 5..9578 -0. 0)16(; 5.9411 -0. 03:
30 5.9193 5.8984 -0.0209 5. 8860 -0.031

.31 Nwk.l 20. 4919 20. 4952 .0. 0033 20. 4884 -0. 00:
32 20. 40H7 20.4149 . 0. 0062 20. 4082 -0.00(
32 20, 6207 20. 6281 .0, 0074 20. 6221 .0.00
34 20. 5791 20). 5999 .0.0208 20. 5823 -0. 00:
35 2 0. 610 1 20. 6206 .0.0105 20. 6139 • 0. 00:

16 Mnd 20. 5294 20. 536.6 .0.0072 20. 5284 -0.00'
t7 20.4504 20. 4604 .0.0100 20. 4500 -0.001
8 20. 4651 20.4715 .0. 0064 20.4;16 -0.001

3'.t 20. 6064 20. 6157 .0. 0093 20. 6043 -0.001,
, 20.6896 20. 6916 .0.0020 20.6862 -0.002)

41 Ti AA-110 AT 10. 4057 10.3207 -0,0850 10.3157 -0.09(
42 10, 3669 10. 2730 -0. 0939 10. 2661 -0. lot
43 1 0. 4500 10. 3721 -0. 0776 10. 3653 -0. 08.4
44 10,34,, 10. 271 -0. 0719 10. 2642 -0. 079

140 . 2572 10, 1847 -0, 0725 10. 1777 -0. 079

4 Ti C- 120 AV 10. 3:55 ý1. 2710 -0. 0848 1. 26.61 -0. 089
A7 10.3333 10. 2516 -0, 08 17 10,2456 -0, 087
41 W. :3732 10, 3085 -.0, 0;47 10, 3002 -0. 073

49 I0. 4072 10. 365!o .0. 0413 10. 3418 -0, 04:.
So 10.3463 10, 39 91 -0.0372 10, 2947 -0i 051

• I1 MV AZ-31 3. 9513 3, 9416 -0. 0097 3. 9053 -0. 04t'
2 3. 9.,01 3, 9696; .0. 0298 3. 9223 -0, 017

53 3,9748 3.9101 -0 0.042 3,9263 -0. 04),
54 3. 9345 3. %97 -0.0241, 3. SH44 -0.05W0
5 55 3. 9334 3.9261 -0. W73 3.8903 -0.043

M6 gtM 11M-31 3.9925 3.9491 -0,0434 3.,96(! -0.030

57 4. 0097 3,9558 .0.0539 3,9205 -0. M9
4. 0076 3. 9671 -1. 0407 3.9235 -0, 0814:.0 0. 1-01-

59 4; 0017 3.9215 -0.t02 h-0 102:
60 3.9 25 3. 9942 .0.0317 3.6652 -0.097:

(" ,piwr 10111 (In hretaots oliuhl not b4- remov,
hlr~ III sin l i el•'ns ce'liter d l'ill hld'is coulid mInI kIIw I'nie l-t.

IBlArk Awld ypllim W sin Ott threads rouht it l n be removetd.

ARIE:A OF SPIECIM'N - 4.20 in2

"NOTE: Corrosion baed upWa wetght difLerence after cleaning.

i5



0,!1. 0(o)55 11. 00 1 . 0. 00,•6 1j. 6938 .0.0017 0.0028

O) 61. 1:9o0 6. 36 1f) -0. 03,1 4 6, 3442 -0. 049h 0. 26383) .- 0 0200O 2 7

6 4349 1;. 410oC -0. 0243 :. G392 -0.0422 0.2272#• I• ,," " O .03 . 2155 ,

,; , ., 7 6. 3046 -0. 0233 6.2878 -0. 0:99
66. 387C 11. 311 -A. 018h 11. 3561 -0.0315 0.1700

).04.. 6. 3675 -0. 0153 6. 3514 -0.00314 0. 1698

), 0-391).031 f , 00e 5. 9928 -0, 0160 5. 9,773 -0. 03 15 0. 1700
) .0 1, 5. 9697 -0, 0121 5. 9523 -0. (295 0.1594

031. 02?•16 6, 0163 -0. 0 053 5. 9784 -0.0432 0, 2321

). 5. 9,'744 5. 9578 -0, 0 166 5. 9411 -0.0333 0. 1800

043 5. 919t3 5. 8984 -0. 0209 5.8860 -0. 0333 0. 1800

033. 20. 49 19 20.4952 .0. 0033 20. 4884 -0. 0035 0. 0053
20. 4w-,7 20. 4149 0. 0 062 20. 4082 -0. 0006 0. 0093

003. 20. 6207 20. 62o 1 .0, 0074 20. 6221 .0.0014

000f 20. 51 01 9. 620, 0. 0205 20. 5123 .0. 0032
20. 7; 101 20. 620f; • 0. 02105 20. 5, 139 .0. 003 H

.003i- 20. 529J4 20. 5366 .0.0072 2o. 5284 -0. 0010 0. 0017
20, 4504 20. 4604 .0. 0100 20. 4500 -0. 0004 0.0007
02 0. 4651 20. 4715 .0. 0064 20. 4616 -0.0035 0. 0058

o000 20. 6064 20. f; 157 .0. 0093 20.6043 -0.0021 0.0035
"20. 68.60 . . 6916 .0.0020 20. 6862 -0.0036 0.0060

10031 AT 10. 47 10.:207 -0, 0850 10. 3:157 -0.0900 0.2910
10. 3669 10. 2730 -0. 09:39 10. 2661 -0. 1008 0. 3239

0900 10.4500 10. 3724 -0. 0776 10. 3653 -0. 0847 0.2740

10. 3437 10. 271Pt -0.0719 10. 2642 -0. 0795 0.2572

OH47 10o. 2572 10. 1847 -0.0725 10. 1777 -0.0795 0.2572

07 9
079Av 10. 35S- 10. 2710 -0. 0848 10. 2661 -0. 0897 0.2164

W¼. 3333 10. 2,16F -0. 0e 17 10. 245f; -0. 0877 0.2706
0 10,. 3? 10) 06S --0. 0;47 10.3002 -0. 07:130 2252

0. 48 772 o 0. 3#;59 -0. 04 :• 10. 3418 -0. 06;54 0. 2020

10 t1. 34 463 1 U. 3:091 -0. 0372 1o. 2947 -0. 051W 0. 1591

( 1 13 *, ,4 It; -0. 0097 3.90.53 -0. 0460 0. 3350

31. 9•89 3, ! ,696, .-. 0298 . 9223 -0. M175i 0.1465

3, 974 3,9101; -0. 0042 3. 9260 -0. 0495 0.4060

o1 3, 193 45 3. 9097 .0. 0246 3,81444 -0. 0501 0.4200

483.9334 3 9261 -0.0073 3,8903 -0.0431 0.3608

31 3. 4925 3, 9491 -0. 0434 3.961, -0. 0307 0.2564
4, 0097 1.95548 .0. 0539 3. 9205 -0. 04)92 0.7470
4. ( 0W- 3. 9671 -O. 0407 3. 9235 -0.,)843 0. 7060
,,007, 15 .0. o••02 3.8995 -0, 1022 0.3460

:. ,•625 3., 9942 .0.0317 3.8652 -0.0973 0.3150

102?

ew %limn s• llat" drill hoileas o' buhd uu44 1W. r? llnOv(A'.
i -i•lm {lim tll hremi, v'tiood not lk-• remlove~d.

WEN - 4. 20 i,2

mased uplo weight dtflerence alter cleaning.

.5 ~y



TABLE XIII

AVERAGE CORROSION OF METAL SPECIMENS IMMERSED
IN LIQUID FLUORINE FOR ONE YEAR

Metal
Sample Corrosion

Number Metal (mils/year)

1-5 304 S.S. 0.0026

6-10 410S.S. 0.0630

11-15 15-7 Monel 0.0010

16-20 Copper 0.0028

21-25 Al 1100 0.?.093

26-30 Al 6061 0.1843

31-35 Nickel 0.0034

36-40 Monel 0.0035

41-45 Ti A-i10 0.2807

46-50 Ti C-120 0.2267

51-55 Mg AZ-31 0.3437

56-60 Mg HM-31 0.6741

*0
Slios



TABLE WV

•MIEIIANI('AI, IiR())II,,II.E"S OF TENSII.L TEST SI
IN I.IQtII) NITROGEN ANTD) IQU)ID FLUORINE

S' :ip, Fii] illJ Fin.al Yie'd Ultim-att,
S, 1).11 t, r I)IA, ttl," Are i A rea Stres[.NU t , m.. . , (Incli.,,) (sj in) (sq ili) (psi bI )
N-1 304 S. s. 0. 0. 075 0. 02H 1 0.00044 60. 100 2620N-2 K IL 0. 0903 0.0283 0. 00641 60. 100 2640N-3 0.:K,: 0. 0865 0.02795 0. 00588 59,.400 2620N-4 0.0850 0.0279 0.0056k 61.600 2640.0 l•,- O. 0835 0. 0275 0.00548 61.900 2640

304 S.S, I I 0.073 0.0281 0.0042 (10,100 2615F-2 0, 1 ,5 0.0830 0. 0279 0. 00541 62,700 2570F-3 1). 0 0. W45 0.02778 0.00566 62,300 2650V-4 I),- i, 0.0965 0.0279 0.00731 62,000 2660F-5 o, I -,,0 0. 0885 0. 027! 0. 00615 70.100 2630
N-6 410 S.s. 0. 1 0.085 0. 0278 0. 00M7 75, 500 2500N - 7 0. 1 7 0.099, 0.0278 0. 09764 73,700 2450N-8 I 1, 0.00970 0.0278 0. 00740 72. 700 2510N-. !:1 0.0992 0.0278 0 00773 71,600 2390N- 10o.1,7 ,0 09%7 0.0279 0. 00,720 79.900 2520410 S,, 0, ls. u 4 (1,097 0.027s 0. 0074 74. 500 249 5"0. t4 0. 09% 0. 0278 0. 00769 73. 400 2470

-1. 1 0.96,5 0 280 0. W 0731 72.900 -1 I, 0.0955 0. 0280 0. 0a071 74, 3 00 2510- 10 1. s83 0. 1005 0 , 0278 0. GU865 73, 400 2470
N-11 15-7 Mntt 0. 1131; 0, 123 0. 0264 0.0119 75,400 3965N- 12 , oI04 0. 1260 0. 0278 0, 01250 71, 000 3920

0.N-13 O, I 79 0. 1230 (1.0277 0.01195 70. 400 "!9j0
N-14 0. I'wt; O. 1225 0,0279 0.0129 1. 98N- i .0Ik, 4 0.1275 0,0278 0. 012.8 -0.500) J930

,F-1) 1 5-7 M(ni 0. 1880 0.125 0.0278 0.0123 71,2.00 397f)1'F-12 0.IO,4 0.124 0.0279 0.0121 71.30n 3960F-13 0. 18J77 0.1262 0.027t8 0.0125 70,500 3950F-140. 12 0. 1225 0.0279 0,01118 70, PO0 3950)i-15 0. 8i5. 0.1214 0. 0279 0.0116 69,900 3940

1()6



i II

iT'AI i XIV

S P S OF ITN511 Ft. E"FST SIE('1MINNS IMMIFRSEI)

INE ANT) I •111') Fl-.OURNEI -FOH ONE YEAR

a I Y 1i It Itlnt e t Ilt ima Reduction Modulus of Yielr.
,t .,ý,--: I -a.d St res.s in A rea PeIrvent Elasticity I oad
ns ll.) (psl) ('VI I'1 E flnation (psi) (Ibs)

04 ,fl. 100 2t620 93.206 84.3 40.6 30. 1 x 106 1690
o ;41 1;0.,0 26;40 93,300 77.3 39.7 24.5 x 106 1700
0 88 4.9..400 2620 93,700 79.0 39.3 27.0 x 106 1660
o C68 ,. f;(00 2C,40 94,600 79.6 39.0 23.7 x 106 1720
0 4 i4 1. 900 2640 9W5 (o)0 80.3 38.0 26. 1 x 106 1720

5 2 ,,,. 100 2615 93,100 85. 1 39.2 25.9 x 16 11390
0 41 Q2, -00 2510 92,100 80.6 39.2 28.5 x 10 6  150
0 6 6 ,2.,300 265( 95,400 79.6 37.5 27.1 x 106 1730

731 W-1 0o0 2660 95.300 73,8 39.5 26.5x 106 1730
315 To. 100 2630 94,600 77.9 38.6 22,6 106 1950

S. 500 2500 89,900 79.5 10.4 27.Ox 106 2100
764 73,700 2450 88,100 "2.5 8.14 22.3 x 106 2050
740 72,700 2510 90,300 '. 4 7.90 28.0 x 106 2026
773 71. #100 2390 P;6, -N0 72, 2 10.4 29.6 x 1I0 1990

6,0.U 7 *.900 2J20 90,300 74.2 8.16 26.5 100 2230

4 74.', rO ') 849 89.700 73A4 8.62 20. 2 1 6 2070
769 713. 400 24,0 .SW, 2. 3 8. KO 25.3 10 2040
731 72.' 1,W0 2 V20 90, ()4k 73.9 8.47 27, 106 2040
71, 744300 2510 89,6t)t: 74.4 7.14 27.7 X 106 20$,
Kf;,5 "43.40C 2470 88a,100 68.9 7.64 25.9 x 106 2040

9 400 344;r" 150,00,10 5.4.9 29.0 26. 6 x 10 1990
350 71,9000 320 14,0('() 55.0 24.9 25.7 x 106 19"5

195 -0.40,0 3930 1 O., 0Si 50.9 26.3 24. H x 104 1950
29 11,00)0 2980 1ll. 700 53.8 25.6 26. 0 x 106 1980
H IQ, 500 3930 141,400 54.0 206.2 24.9 x 106 1"960

3 71.200 3970 142.800 55.9 25.9 25.0 x 106 19180
21 71,30" 3960 141,900 56.6 2).6 21.6 x 10 1990
25 70, 500 1950 142,000 55.0 24.5 25. 5 . 106 1960
Ip 7u.600 ý950 141.600 57.7 25.1 25,4 x 100 1970
16 69, 900 3940 141,200 58.4 24.3 26.0 x 106 1950

je
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TABLE XIV (Contiv

Initial Final Initial Final YieldSampie Dia mete r Diameter Area Area Stress
Number Metal (inches) (inches) (sq in) (sq in) (psi)

N- 16 (Copper 0. ! 778 0.1046 0.0248 0.0086 52,800N-17 0.1797 0.1085 0.0256 0.00925 54,300
N- 18 0.1790 0.1090 0.0252 0.00934 53,200
N-19 0.1782 0.1100 0.0250 0.00950 54,400
N-20 0.1785 0.120 0. 0250 0.01065 53,200

F- 16 Copper 0.1784 0.109 0.0250 0.0093 54,200
F- 17 0.1783 0.1348 0.0250 0.01327 54,800
F-18 0.1784 0.1125 0.025, 0.00991 54,200F-19 0.1792 0. 1219 0.0252 0.01082 52, 800
1-20 0.1784 0.1252 0.0250 0.01238 54,400

N-21 Al 1100 0. 1885 0,083 0.0278 0.0054 21.600
N-22 0.1876 0.0856 0.0276 0.00590 2.,600
N-23 0.1875 0.0934 0. 0276 0.0(684 21,500
N-24 0,1893 0.0978 0.0281 O. i.750 21,300
N-25 0.1882 0. 0875 0.0278 0. 00600 21.400

V-21 Al 1100 0. 18"6 0,079 0.0278 0.0049 22,300
F-22 0.11190 0.0926 0.0281 0.00675 21.700
F-23 0. 1•085 0.0855 0,0279 0.00575 21.600
F-24 0.16-92 0.0843 0.0264 0.00560 2 1, 400
"-25 0.1884 0.0851 0.0218 0.00562 21,500

N-26 AI 6061 0.1785 0.125 0,0250 0,0123 41.2LCA
N-27 0. 1-72 0. 1180 N O 0250 0. 01005 42, 10W
N-26 0.1700 0.1185 0.0249 0.01120 41,90)
N-29 0.1780 O. 1318 0.0249 0.01360 41.800
N-30 0.1780 0. 1246 0.0249 0. 01220 42.200

* -F,26 Al 6061 0.1781 O. 22 O.0249 0.0217 41,900
F -27 0.1782 0,1134 0.0250 0.01200 f,1300

V'28 0.1775 0,1159 0, 0247 0. C#055 41 o000
0.1780 0.1142 0,0249 0.01024 42,000F-30 0.1778 0. 1179 0.0249 0.01097 41,200

JI
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TABLE M]V (Continued)

"Finial Yic td Ultimate Ultimate Reduction Modulus of Yield
Area Stress Load S i-e in Area Percent Elasticity Load
(sq i) (..) (IbsI. .si. 3) Elongation (psi) (ibs)

.0086 52,800 1410 56,900 65.3 3.73 18.0 x 106 1310

.00925 54,300 1455 56,800 63.9 3.69 19.0 x 106  1390
1100934 52,200 1445 57,300 62.9 4.04 19.0 x 106 1340
.00950 54,400 t460 58,400 62.0 4.08 18.1 x 106 1360

.I01065 53,200 1470 58,800 57.4 4.03 17.7 x 10 6  1330

.0093 54,200 1450 58,000 62.8 4.31 16.9 x 106 1355

.01327 54,800 1470 58,800 46.9 5.32 18.0 x 106 1370

.00991 54,200 1475 59,000 50.4 4.71 19.2 x 106 1355

. 01082 52,800 1490 59,100 57.1 3.68 18.2 x 106 1330

.01238 54,400 1460 58,400 50.5 4.03 18.0 x 106  1360

.0054 21,600 644 23,200 80.6 10.7 9.73 x 106  600
_.00590 21,600 644 23,300 78.6 5.96 10.1 x 106 596
.090684 21,500 640 23,200 75.2 5.31 10.6 x 106 594
*.Uj750 21,300 642 22,800 73.3 5.67 9.51 x 106 600

- .00600 21,400 641 23,100 78.4 6.10 10.4 x 106  594

".0049 22,300 641 23,100 82.4 4.65 9.87 x 106 619
.00675 21,700 634 22,600 76.0 5.00 10. 1 x 106  610
.00575 21,600 638 22,900 79.4 5.72 i0.i i16 604
.00560 21,49)0 648 23,100 80.1 5.32 10.5 x 106 602
.00562 21,5G0 640 23,000 79.8 5.65 11.0 x 106  599

.0123 41,200 1124 45.'000 50.8 8.11 10.2 x 106 1029
.01095 42,100 1140 45,600 56.2 7.62 10.6 x 106 1053
.01120 41,900 1135 45,600 55-0 7,33 60. 0043
.01360 41,800 1158 46,500 45.4 6.62 10,5 x 106 1040
.01220 42,200 1155 46,400 51.0 6.38 9.75 x 106, 1.050

0117 41,900 1135 45,600 53.0 8.61 10.4 x 10 1044
.01200 41,300 1136 45,400 52.0 7.36 l•, 0 106 -1-033
.01055 41,000 1132 45,800 WL 3 7.26 9.90x 10 1012
.01024 42,i00 1.3"7 49,700 58.9 1.07 9.72 x 106 045
.01097 41,200 1126 45,300 55.9 '?.05 10.2 x 106 1027



TABLE XIV (Continued)

Initial Final Initial Final Yield UliSample Diameter Diameter Area Area StressNum.be r ..Me....... (inches) (inches) in) (_q.i) (p8i) ..

N-46 11 C- 120-AV 0.1882 0.140 0.0279 0.0154 123,000 4N-47 0.1869 0.151 0.0275 0.0180 125,000 4N- 48 0.1875 0.149 0.0276 0.0175 124,000N-49 0.1886 0.153 0.0280 0.0184 124,000 4N-50 0.1870 0.161 0.0275 0.0204 124,000 4.
F-46 Ti C-120-AV 0.1881 0.149 0.0278 0.0175 122,000 4:F-47 0.1882 0.123 0.0279 0.0161 120,000 4F-48 0.1883 0.150 0.0279 0.0177 121,000 4F-49 0.1881 0.148 0.0278 0.0172 121,000 4
F-50 0.1882 0.149 0.0279 0.0175 123,000 4:
N-51 Mg AZ-31 0.1784 0.1371 0.0250 0.0148 35,200GN-52 0.1786 0. 1384 0.0251 0.0151 35,800 U
N-53 0.1788 0.1383 0.0251 0.0150 35,300
N-54 0.1793 0.1386 0.0253 0.0151 35,600 HN-55 0.1785 0.1375 0.0250 0.0149 35,600 1C
F-51 Mg AZ-31 0. 1778 0. 1511 0.0249 0.0180 34,000 11F-52 0.1786 0,1423 0.0251 0.0157 34,500 1CF-53 0.1787 0. 1600 0.0251 0.0201 33,900 1(0F.4 O.1796 0.1505 0.0254 0.0178 34,400 10F-55 0.1791 0.1554 0,0252 0.0190 33,800 1o
NN-56 MgW HK-31 0.1785 0.1422 0.0250 0.0176 49,600 12N-57 0.,781 0.1506 0.0249 0.0178 48,700 12N-58 0.1783 0.9148 0.0250 0.0174 47,700 12SN-59 0.1785 0.1519 010250 0.0181 49,600 12N-dO 0.1780 0. 1484 0,0249 0.0174 49,400 12-r F-57 MgljK-31 0.1797 0.1688 0,0254 0.0225 46,100 12:F-S? 0.1786 0,1570 0.0251 0.0194 47,700 120.17?07 0.163 O.0251 0.0192 46,700 12,F-59 0.1786 0.1622 0.0261 0. 020! 46,500 114F.60 0.1794 0.1650 0.0253 o. j215 43,000 12
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TABLE XIV (Continued)

Ultin
"Lo inal Yield Ultimate Ultimate Reduction Modulus of Yieid

(1 rea Stress Load Stress in Area Percent Elasticity Load
sq in) (psi) (Ibs) .(ps) (.) Elon~ption (psi) (Ibs)

424 6
422 0154 123,000 4240 152,000 44.8 6.02 14.8 x 106 3420

430 0180 125,000 4225 154,000 34.5 5.54 15.1 x I00 3425

422 0175 124,000 4300 156,000 36.6 5.70 15.2 x 106 3435

420 0184 124,000 4220 151,000 34.3 6.53 14.9 x 106 3465
0204 124,000 4200 153,000 25.8 4.67 15.2 x 106 3110

423
425 0175 122,000 4230 152,000 37.1 7.07 15.0 x 106 3385

424 0161 120,000 4250 152,000 42.3 6.19 15.0 x 106  3350

420 .0177 121,000 4245 152,000 36.6 6.33 15.5 x 106 3375

431 .0172 121,000 4200 151,000 38.1 6.40 15.1 x 106  3355
0175 123,000 4310 154,000 73.3 5.46 15. 1 x 106 3430

1038x10 
81047 0148 35,200 1038 41,500 40.8 6.29 6.40:x106  880

1044 0151 35,800 1047 41,700 39.8 6.29 6.51 x 106 898

1050 .0150 35,300 1044 41,600 40.2 5.67 6.04 x 106 886

1042 0151 35,600 1050 41,500 40.3 5.65 5.78 x 106 900
.0149 35,600 1042 11,700 40.4 5.33 6.41 x 106 88%

1 0180 34,000 1119 44,900 27,7 6.00 6.32x10 6  851

1035 0157 34,500 1040 41,400 313.5 7.05 6.30 x 106 865

1039 0201 33,900 1035 41,200 19.9 5.33 C. 23 x 106  850

1013 0178 34,400 1039 40,80W 29.9 5.67 6.24 x 106 813

.0190 33 800 1013 40,200 24.6 4.01 6.35 x 106 852

1 260
1250 0176 49,600 1260 50,400 29.6 7.49 6.31 x 106 1240

1240 0178 48,700 1250 50,200 28.5 8.20 6.03 x 106 1212
1 0174 47,700 1240 49,660 30.4 8.94 6,28 x 106  1193

1-23 0181 49,600 1256 50,200 27.6 6.33 6.05 x 10 1240
.0174 19.400 1230 49,400 30.1 6.67 6.59 x 108 .30

1220
1230 0225 41,1V IPO2O 48,000 11.4 4.10 6.29 x 106 1(170
1220 0194 w,17¶0O 1230 48,900 22.7 3.67 6.28 x 10 1 197

1172 .0192 4,, 74 -120 48,600 23,.5 5.32 6.53 x 106  0173.1

1240 0205 4'C, SW 1172 I4,700 18.3 4.67 6, 29 x 106 1168

0215 4k.) w2t0 49 000 15.0 2.01 6.31 x 106 1087

S.o -.



( TABLE XV

AVERAGE RESULTS OF MECHANICAL PROPERTIES OF TENSILE SPECIME

Yield Ultimate Modulus of Reduction

Sa mph, Stress Stress Elasticity in Area

Number Metal (psi) (psi) M..

N-1-5 304S.S. 60,620 93,960 62.28 x 106  80.10

F-i-5 304 S.S. 63,440 94,100 26. 12 x 106 79.40

Nominal 30,000 29 x 106

N-6-10 410 S.S. 74,680 88,920 26.68 x 106 74.36

"- F-6-10 410S.S. 73,700 89,38(. 26.94x 106 72.58

- Nominal 60,000 29 x 106

N-11-15 15-7 Monel 71,600 143,420 26. Ox 106 54.92

F-11-15 15-7 Morel 70,700 141.900 24. 70 x I06 56.70

Nominal 55,000 29 x 106

N-16-20 Copper 53, q8O 57,640 18.36 x 106 62.30

F-16-20 Copper 54,080 58,660 18.02 x 106 55.54

Nominal 48,000 16 x 106

N-21-25 Al 1100 21,480 23,120 10. 07 x 106 77.22

F-21-25 Al 1100 21,700 22,940 10.31 x 106 79.54

Nominal 171,000 10.0 x 106

N-26-30 Al 6061 41,840 45,820 10.23 x 106 51.68

"F-26-30 Al 6061 41,480 46,360 10. 04 x 106 55.42

Nominal 40,000 10.0 x 10 6

N-31-35 Nickel 89,960 96,900 29.60 x 106 77.80

F-31-35 Nickel 89,680 96,420 30.48x 106 78.12

Nominal 25,000 30 x 106

N-36-40 Monel 58,020 93.740 26.12 x 106 72.60

"F-36-40 Monel 58,120 93,040 25.52 x 106 71,16

Nominal 50,000 26 x 106

N-41-45 Ti A-I10-AT 125,400 151.600 15,66 x 106 19 25

F-41-45 Ti A-I10-AT 14, 200 152,000 15.64x 106 16.96
Nominal 112,200 18

SN-46-50 C-120-AV 124,000 153,200 15 04 x 106 35.20

F-46-50 C-120-AV 121,400 152,200 15.14 106- 38.28

Nominal 130,000 16 x 10i

4 N-51-55 Mg AZ -31 35,500 41,600 6.23 x10 40.30
F-51-55 Mg AZ-31 34,160 41,720 1 40630

Nominal 30,000 6.5 x100

N-56-60 Mg HK-31 49,000 49,960 6.2.x 106 29.24
Mg HK-31 46,000 48,240 6.34 .06 18. 18

Nominal 30,000 6.5 x 166

, J1 . - .
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/ { TABLE XV

EN VERAGE RESULTS OF MECHANICAL PROPERTIES OF TENSILE SPECIMENS

n Ywld Ultimate Modulus of Reduction
Stress Stress Elasticity in Area Elongation

M etal (psi) ipi.il. -. _ -()__ .

304 S.S. 60,620 93,960 62.28 x 106 80.10 39.32
304S.S. 63,440 94,100 26.12 x 106  79.40 38.80

30,000 29 x 106

410S.S. 74,680 88,920 26.68 x 106 74.36 9.00
410S.S. 73,700 89,380 26.94 x 106  72.58 8.13

60,000 29 x 106

15-7 Monel 71.600 143,420 26.00 .x 106 54.92 26.40
15-7 Monel 70,700 141.900 24. 70 x 106  56.70 25.28

55,000 29 x 106

Copper 53,580 57,640 18.36 x 106 62.30 3.91
Copper 54,080 58.660 18.02 x 106 55.54 4.41

48,000 16 x 106

Al 1100 21,480 23,120 10.07 x 106  77.22 6.75
Al 1100 21,700 22,940 10.31 x 106  79.54 5.27

17,000 10.0 x 106

Al 6061 41,840 45,820 10.23 x 106 51.68 7. 21
Al 6061 41,480 46,3860 10.04 x 106 55.42 7.46

40,000 10.0 x 106

Nickel 89,960 96,900 29.60 x 106  77.80 6.10
Nickel 89,680 96v420 30.48 x 106  78. 12 6.24

25.000 30 x 10 6

,M. nel 58,020 93,740 26. 12 x 106 72.60 25,56
Monel 58,120 93,040 25, 52 x 106 '1.16 24.70

50,000 26 x 106

T' A-110-AT 125,400 151.600 15. 66 x 10 19.25 5.38
T1 A- 10-AT 126,200 152,000 15.84 x 106 16.96 5.53

112,200 16 x 106

C- 120-AV 124.000 153,200 15.04 x 106  35.20 5.69 :1.
C.�10-AV 121.400 152.200 5, 14 x 106 38.28 6.29

130,000 16 x t66

Mg AZ-31 35,500 41,600 6.23 x 106  40.30 5.85
Nig AZ-31 34.160 41,720 6.29 x 106 27.92 5.61

30,000 6.5 x106

Mg IIK-31 49,000 49,960 6.25 x 106 29.24 7.53
1i HK-31 46, 00 4K 240 6.34 x 106  18.18 3.95

30,-100 6.5 x 106

S. ~ -S .t



TABLE XVI

STANDARD AREAS OF METAL POWDERS USED IN CALCULATIONS

Aluminum 0.3591

Brass 0.2465

Copper 0.36

Monel 0.0615

Monel (rerun) 0.0416

Nickel 0. 17
4

316 Stainless Steel 0.2161

347 Stainless Steel 0. 1075

304 Stainless Steel 0. 1519

410 Stainless Steel 0.0650

Titanium 1.0374

Note: A computer wa used to arrive at the above numbers and
the results reported are read from the computer sheet.
The limitations of the method are discussed in the text.

2
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TABLE XVTI

AFTER-PASSIVATION AREAS OF METAL POWDERS

Difference
Run Area from Standard Area
No. Metal m2 /gm (%)

16 Nickel 0.0934 - 45
18 Nickel 0.2128 * 25
20 Brass 0. 177 - 28
24 Brass 0.1711 - 30
30 Brass 0. 1683 - 32
27 347S.S. 0.0868 - 19
28 304S.S. 0.1475 - 3
19 Monel 0.0587 - 5
23 Monel 0.0765 + 24
29 Monel 0. 1005 + 63
34 Monel 0.0352 + 42
31 Moncl 0.0874 + 63
35 Monel 0. 1352 +120
17 Copper 0.238 - 34
21 Copper 0.7288 +102
32 Copper 0.2222 - 3e
22 Aluminum 0. 1951 - 46

NOTE: A computer wAs used to arrive at the above numbers and the
results reported are read from the computer sheet. The
limitations of the method are discussed in the text (page 16).
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TABLE XVIII

COMPARISON OF FLUORINE REACTED WITH
FRESH AND PASS1VATED POWDERS

Fluorine Compound -g
Temp.

Run No. Metal 0.F ist__usslvatlon 2nd passivatlon

27 347 S. S. 86 1. 52 x 10-2 0. 17 x 10-2

28 304 S.S. 86 2.66 x 10-2 1. 83 x 10-2
30 Brass -113 2.84 x 10-2 2.45 x 10-2
32 Copper -113 2.09 x 10-2 1. 54 x 10-2
33 MgF 2 * 86 77 x 10-2 (after 2 hours)
34 Monel 86 1.44 x 10-2 0. 466 x 10-2
35 Monel 86 1. 99 x 10-2 0,592 x 10-2
37 Monel 86 0. 924 k 10-2 0. 873 x 10-2
38 Nickel -113 3.45 x 10-2 0.691 x 10-2
39 Monel 86 2.65 x 10-2 1. 156 x 10-2
42 316S.S. -113 1.942 x 10' 2  2. 118 x 10-2

43 304 S.S. -113 7.47 x 10-2 0. 774 x 10-2
44 Nickel 183 2.60 x 10-2 0, 1092 x 10-2
45 347 S.S. -113 5.16 x 10-2 0.64 x 10-2
47 410S.S. -113 1. 753 x 10- 2  1.84 x 10- 2

48 304 S. S 183 7.72 x 10-2 6.56 x 10-2
50 Titanium -113 2.195 x 10-2 0. 2745 x 10-2
51 347S.S. 183 3.42 x 10-2 0.83! x I0-2

"Reacted with fluorine until no further reaction occurred. Removed
sample and exp)sed to atmosphere. Powder returned to the cell and
re-exposed to fluorine. Reaction occurred but not run to completion.

t4
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TABLE XIX

CHEMICAL ANALYSIS OF STAINLESS STEELS

Composition Type
304 316 347 410

Iron 69.28 65.74 67.73 86.15

Nickel 10.57 13.16 13.18

Chromium 18.40 17.45 16.62 11.80

Carbon 0.06 0.06 0.03 0.04

Manganese 0.66 0.41 1.74 0.80

Silicon 1.00 1.06 1.23 1.18

Sulfur 0.017 0.022 0.012 0.014

Phosphorous 0.014 0.018 0.011 0.017

Columbium .... .... 0.45

Molybdynum -. - -. 2.08

114
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